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ABSTRACT 

Experiments were conducted in the field and greenhouse with acid 
sOils of Alberta and northeastern British Columbia to determine the influ- 
ence of subsoil acidity on acid-sensitive crops. The experiments involved 
treatments in which the soil acidity was neutralized by topsoil and subsoil 
liming and by topsoil liming alone to determine the separate effect of sub- 
sOil acidity on crop growth. Under field and greenhouse conditions subsoil 
acidity reduced the yields of top growth and subsoil root yields and pene- 
tration for both barley and alfalfa. The yield reductions were very closely 
correlated with the amount of Al (soluble in 0.02M CaCl5) in the unlimed 
sOQils. Comparison of soil moisture levels and root yields on a limed and 
unlimed subsoil indicated that this was an effective means of showing how 
much the roots had penetrated the unlimed acid subsoil. 

The damage to crops caused by subsoil acidity was eliminated by 
deep liming or by very large applications of P to the subsoil. Neither 
of these methods is economically feasible. An experiment with levels of = 
subsoils acidity and subsoil temperatures indicated, in contrast to re- 
ports in the literature, no significant relationship between damage to 
roots by acid subsoils and temperatures of the subsoil. 

A nutrient culture method was used to screen barley varieties for 
tolerance to Al toxicity. The Canadian varieties tested showed signif- 
icant differences in tolerance to aluminum. The differences were not as 
large as those reported in the literature. This suggests a need for 
plant breeding to incorporate genes for Al tolerance. 

A reconnaissance type survey was conducted to gain some idea of 
the extent of the agricultural areas where subsoil acidity is a problem. 
Maps were made to identify areas which contained soils with toxic levels 


of soluble Al. 
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LIS} OFV PLATES 


The site of the field experiment at Bessborough, B.C. 


A close-up of two plots at Bessborough, B.C., the one 

on the left is dug to a depth of 50 cm, but limed to 
only 145 cm, and the plot on the right is dug and limed 
to a depth of 50 cm. Alfalfa after the first harvest 

is at the front of the plot and barley is at the back of 
ene Plot *D WFRYS4k BAe RVOle CEO  PeeGn ng Bg yy 20% 


Growth boxes used in the greenhouse experiment on sub- 
sOil acidity. Alfalfa grown on the Josephine soil for 
five weeks. On the left is the nil/nil treatment and 

on the right is the Time/Vime treatment 3 2068s 8. ss 


Roots obtained from alfalfa grown for five weeks. They 
are shown from left to right from the lime/lime, the 
mib/nil, and the Lime /nil treatments of the Josephine 
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Growth boxes at time of harvest. Wembley is "Donnelly" 
ete Lert seihevls shies, © ios feu sins, les ee Wess ee es 
Roots from the lime/nil treatment of the Josephine 
soil. This shows the development of fine roots at the 
3-6 cm depths resulting from a banded phosphorus layer 
and also a proliferation of roots at the top of the 
UnLIMed Ss UbGODI. So sve) stints belce Ws) 6 “sulehe wile & 0. wie 6 


Wet style soft drink coolers were used as temperature 
regulating baths for the greenhouse experiment with 
temperature and acidity of subsoils . . . « «© » «ee -« 


Cans used as soil containers for the greenhouse ex- 
periment with temperature and acidity of subsoils. 
“Loep" soil is referred to in the text as “Prespatou". 
The cylinder on the left is equipped with psychrometers 
Aik CNELMOCOUDNES ict et wt aus! 6 pee hele ue) 0) Wer 6) cw! le, enna ce 


Four barley varieties grown in nutrient solutions con- 
taining 12 ppm aluminum. All show severe stunting of 
TOOLS Cue LO amt GORMIC ITY: ep sie we oe) 6 <a + ae Oe 


Three barley varieties are shown with a plant grown at 


O ppm aluminum on the left and a plant grown at 12 ppm 
a Lund NOM CON meer wont iemet et etre si e: 6 oe eS ek ee 8 
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INTRODUCTION 

Extensive areas of soil in central and northern Alberta and 
northeastern British Columbia are formed on acid tills or contain hor- 
izons which are acid. These acid soils of Alberta and northeastern 
British Columbia often have an Ah, Ae, Bt, BC, Cca sequence of horizons. 
The most acid layer is usually the Ae or Bt horizon which may be suffi- 
Ciently acid to prevent plant roots from reaching the C horizon below. 
Usually acid soils develop in regions of fairly high rainfall. Alberta's 
acid soils have developed in regions of limited rainfall with short sum- 
mer seasons and low soil temperatures at depth and therefore present a 
somewhat unique condition. The effect of soil acidity on plant growth 
in cool, dry climates may be different from that in moist, temperate 
Climates. 

Until 1965 soil acidity was not considered an important agronomic 
erObl ei in Alberta. It was assumed that because Alberta soils were of 
high base saturation, which Pierre (1931) stated was the most important 
factor in determining the fertility of acid soils, their acidity did not 
influence growth of crops. This assumption was based on a failure to 
realize that at a given degree of base saturation the highly weathered 
soils (with which Pierre worked) have a higher pH than montmorillonitic 
and illitic clays which are found in Alberta soils. Soil acidity was 
viewed mainly as a calcium deficiency problem and it was believed all 
of Alberta's acid soils have a lime horizon at depth and this lime hor- 
izon would supply sufficient calcium for plants. 

Subsoil acidity is a problem which has received little direct 
attention by research workers in other parts of the world and no atten- 


tion in Alberta. It is doubtful that surface applications of lime will 
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do much to overcome subsoil acidity problems because the low soil temp- 

eratures and limited rainfall on Alberta's acid soils combine to provide 

an environment where downward movement of lime would be very slow. If 
surface liming does not overcome subsoil acidity problems, then it is 
necessary to use species or varieties of crops which are tolerant to 
soil acidity. 

The objectives of this project were to determine: 

(1) the extent to which subsoil acidity restricts root penetration; 

e2iathe effectof.subsoil.acidity.on:cropsyields; 

(3) the agricultural areas in Alberta and northeastern British Columbia 
where subsoil acidity is a problem; 

(4) the measurable chemical factors in the soil which restrict root 
penetration into acid soils; 

(5) whether temperature is a factor which controls root penetration in 
acid soils and which will require different interpretations of soil 
test data of acid soils for Alberta as compared to other parts of 
the world; 

(6) whether surface liming is sufficient to overcome subsoil acidity 
problems in an area of limited rainfall; and 

(7) whether there are crop varieties available which are adapted ae 
Alberta conditions and grow well on soils which have acid subsurface 


horizons. 
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LITERATURE REVIEW 

Soil acidity was recognized by the Romans and liming the soil 
was described by Cato and Varro in the second century B.C. The east 
coast of Scotland has many acid soils. McFarlane (1683) described the 
liming of these soils in the 15th century. The prevalence of acid soils 
in Scotland explains the reliance on a crop tolerant to soil acidity, 
Such as. Oats, and. the Scots’ use of oatmeal as a ‘national .food. The 
above two methods of farming acid soils --- growth of crops tolerant to 
acidity and liming to remove the soil acidity --- have not changed to 
the present. 

Acid soils which limit plant growth are those having pH values 
appreciably below 7. Acidity is measured by determining hydrogen ion 
concentration (pH) in solutions; however pH does not measure total or 
titratable acidity. Liming an acid soil results in an upward shift in 
pH, altered solubilities of minerals, altered ionic activities, altered 
microflora, and usually increased crop growth. Since liming simulta- 
neously changes many of the soil properties which influence plant growth, 
it is difficult to identify the particular soil properties responsible 
for poor crop growth on acid soils. 

Early research work attributed the damage to plant growth which 
occurred on acid soils to a shortage of calcium and to hydrogen ion tox- 
icity. Bradfield (1923) at Missouri showed by means of titration curves 
that clays were weak acids and the idea came into prominence that acid 
clays were hydrogen saturated. In the USA the view that acid clays were 
hydrogen saturated was widely favored until the early 1950s. It was 


suggested that extractable aluminum was an artifact of chloride extraction 
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salts forming HCl, which dissolved precipitated aluminum hydroxides. 
Coleman and Harward (1953) heated clays which had been artificially 
saturated with hydrogen. The unheated clay produced a strong acid titra- 
tion curve; the heated clay produced a weak acid titration curve. The 
unheated product showed little exchangeable aluminum; the heated clay 
showed considerable exchangeable aluminum. It was suggested that a 
hydrogen saturated clay soon becomes an aluminum saturated clay. Lin 
and Coleman (1960) showed aluminum saturated clays yielded about the 
same amount of aluminum with various normal unbuffered salt solutions. 
The quantity of aluminum released was similar to the quantity of calcium 
retained as an exchangeable cation. Lin and Coleman's work led to ac- 
ceptance of the view that acid clays were saturated with aluminum. Cur- 
rent work in plant nutrition has shown that a number of factors are in- 


volved in soil acidity damage to plants. 


Causes 01. Soil Acidity Damage to Plants 
Hydrogen 


The ease of determination of hydrogen and the titration data of 
Bradfield (1923) led to the view that clays were hydrogen saturated and 
hydrogen ions were the principal cause of soil acidity damage to crops. 
Arnon and Johnson (1942) varied hydrogen ion levels in culture solutions. 
They avoided pH shift by using large volumes of solution and mixing the 
solution. They found damage to plants occurred within one hour at pH 3, 
but most plants grew well above pH 4 to 5. They noted increases of cal- 
Cium supply reduced the effect of hydrogen ion damage. Sutton and Halls- 


worth (1958) found that the calcium level was directly related to hydrogen 
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ion damage and also found hydrogen ion damage was most severe where the 
nitrogen level was low. They also reported that additions of calcium 
were ineffective in moderating damage of hydrogen ions when the solution 
was Changed very frequently. Thus they assumed roots are capable of in- 
creasing the pH in their immediate environment by selective uptake of 
anions and release of bicarbonate ions. It appears that in most acid 
soils hydrogen ion activities are not sufficient to cause a major impair- 


ment to plant growth. 


Calcium 

Calcium has traditionally been added to acid soils in the form of 
lime as CaCO3 or as Ca(OH). Liming has the effect of reducing the acti- 
vities of hydrogen and aluminum ions and increasing the calcium and mag- 
‘nesium supply. Cormack (1962) studied the role of calcium in formation 
of root hairs and calcium pectates in plant cell walls. He stressed the 
failure of plants to develop root hairs in acid soils and solutions. 
Lance and Pearson (1969) found short exposures to low concentrations of 
aluminum reduced the uptake by plant roots of water, calcium, magnesium, 
potassium, phosphorus, and nitrate. They found the reduction of calcium 
uptake occurred sooner than the reduction of uptake of the other constit- 
vents. The uptake by plant roots of calcium was inhibited from solutions 
which contained less than 200 ppm calcium. With a large excess of calcium 
(600 ppm), aluminum did not inhibit the uptake of calcium. They concluded 
aluminum replaced calcium in the plasmalemma, making it less permeable to 
water and ions. Not many soils show plant growth responses due to cal- 
Cium applications when the soil pH is maintained constant, such as occurs 


when a neutral calcium salt like CaClo is added to the soil. When cal- 
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cium deficiency is present either due to restrictions of calcium uptake 
by hydrogen or aluminum ions or to low levels of calcium in the growth 
medium, its effect on plant growth is pronounced. Jackson (1967) dis- 
Baca a number of these effects. Growth of leaf margins and new leaves 
are restricted. Chromosome development and cell division are abnormal at 
low levels of calcium. Calcium deficiency causes many other imbalances 
in plant composition such as accumulation of carbohydrates in other parts 
of the plant. Low levels of calcium may result in failure of the plant 
to absorb sufficient nitrogen. Calcium may accelerate reactions involv- 
ing amylases, phospholipases, and various kinases. Calcium also has the 
ability to regulate high energy phosphate supplied by activating ATP in 
root mitochondria and chloroplasts. Aluminum induced calcium deficiency 


is important in acid soils as shown by Long and Foy in 1970. 


Aluminum 

Aluminum ions become present in the soil solution below pH 5.5. 

+3 ny 2 

The forms of soluble aluminum are believed to be Al**, A1SQ4 , AlOH* 
and Alg(OH)15°° and also small amounts of HpA103™ and AlHoPO4*? (Rich- 
burg and Adams, 1970). The form of aluminum ions present is difficult 
to determine. The work of Coleman and Harward (1953) and others which 
indicated that acid clays were aluminum saturated, not hydrogen saturated, 


led to considerable interest in the effects of aluminum on plant growth. 


Effects of Aluminum on Plant Growth 
The toxicity of aluminum to plants was first shown by Vietch in 
1902. The toxicity to plants of soluble aluminum from acid soils was 


shown by Abbott, Connor and Smalley in 1913 who state, "the unproductive- 


ey 
7 


He watt ‘Bd pub: tathtte snqaoag, eb 
| 9: tu aleve! wal oF ‘ro. ont meine 
agiv (TaeL) aes sbenaivonon at «tdwoxe jralq 0 pre 
ednott 2 A ea 

eevee! won bia ebdpzen teal to Aguded  .edaatts ie 9 wing 


7" 


a dacrronds ez5 nobetvib Liss bts: snageio Ta ab dehgianin betors ot 


be 


sectedesint redso yrtsm Peete? anda hb tolgo ie 20 ie 


asneR seifto al 2onuxeysiodeas qo notdefumsioe 26: isn noitigodies 


. 4 
se 


j P a _ 
jngia wis i) weilie? mm tice ay Yau mufolss to elevels ged . ively i> de 
j 3 ' 


> ‘ 


avicwil anoltoeax atécolodos. vem milolsd .nagotdin Jneloitive dame 
ay ash oeis mufoif0 .@etarrs evodisv bab -as seer tiqngeony ,esiz et 
ni PIA onisgevisee vd betlqave otériqaédo yemens dotd oteiuges od REE 


yoneisiteb aatotas.bosvhe! werigulA «egesigotolno doe sivkeotagd ee 


UTGint Oi bas prot yo nwore os elice bios ni ined, 


o8.€ Wy weled dottwioa Lice edt nt tnazenq eine ioc anal, mint 
- Stora ,"soRtA (OFLA od of Kina ad act ica! eben tua Sted sprao' 
oth) St eget ta lng “pOtacH io sinvons {hems i hes: ar 


(hi o) 
3093273 fy 27 ah tala | 2n0b amiimuis to-are? ant ‘Yoves ¢2iEAA oo 
tloistw eaaise bors (ace k) brevis bes. ieewEno to axow st on bare 

stiodantitee neporbyit val ietetusee miyet Ske T Stew ayelo ise sans . 

Saal Ao stout to 2tosite sit nt tsexwtnt sta re: at 6 


= A a ; 


4 


a | ior! Ine cin alt Oa ms 7 
; se oworte geri? saw etnely Ot mien s 6 \ttsixes: =. - 
| eliva hoe awk cuntours gldutor Io: 2itelq ot vlabvet's soe 
orgy hon” gotta wn ai tem’ ris tonnyd oa ak 


7 “Ge 


"a 


ness Of the soil in question was due principally to the presence of sol- 
uble aluminum salts or more fundamentally to the lack of basicity which 
permits them to exist". Morse (1915) suggested the effect of liming is 
"to improve the soil environment" rather than increase the calcium supply. 
In 1915 Ruprecht studied soils which had become unproductive from 25 
years application of ammonium sulphate. He isolated soluble iron and 
aluminum from these soils. He experimented with culture solutions and 
suggested that with red clover above 40 ppm aluminum is toxic and iron 

is toxic above 4 ppm. Calcium carbonate could alleviate this toxicity 
but calcium sulphate did not and Ruprecht concluded this was not a calcium 
deficiency but was an aluminum toxicity. He also noted that the effect 
of aluminum "was the arresting of development of cells in the growth 
areas of root tips". The idea that aluminum was the toxic factor in 

acid soils was further expressed by Hartwell and Pember in 1918 and later 
by Pierre in 1931. Schmehl, Peech, and Bradfield (1950) varied levels of 
hydrogen, calcium, and aluminum in acid soils by adding CaS0Oq4, HoSO4, and 
Alj(S04)3-¢ They concluded significant crop damage was related to the 
effect of aluminum ions in soil solution. Ruprecht (1915) showed that 
aluminum is the main factor reducing crop yields on acid soils. Despite 
further work on soil acidity it remained until the past five years for 
measurements of soluble aluminum to be used in determining the toxicity 
of an acid soil to plants, or in determining lime requirements. 

As previously mentioned Lance and Pearson (1969) found short 
exposures to low concentrations of aluminum reduced the uptake by plant 
roots of water, calcium, magnesium, phosphorus, and nitrate. Most plants 
which suffer from aluminum toxicity show symptoms similar to phosphorus 


deficiency. However, in all plants root development is more restricted 
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by aluminum toxicity than by phosphorus deficiency (Jackson, 1967). 
Cheng, Bourget, and Ouellette (1971) showed that aluminum uptake is fa- 
vored by cool temperatures and dry conditions. Toxicities would be ex- 
pected to be most severe under those conditions that favor uptake of 
aluminum. Toxic levels of aluminum and soluble manganese combined may 
result in a moderating effect on aluminum toxicity. 

Mn solution (toxic) + Al results in decreased yield; 

Al solution (toxic) + Mn usually results in increased yield. 
Jackson (1967) reports aluminum toxicity is most severe when an ammonium 
source of nitrogen is used rather than a nitrate source of nitrogen. 

Reeve and Sumner (1970) obtained good correlations on exchangeable 
(O.2M NH,Cl) aluminum extracted from South African oxisols and lime re- 
sponse of trudan (Sorghum sudanense). Adams and Pearson (1967) got good 
correlations of exchangeable aluminum with growth of alfalfa (Medicago 
sativa), barley (Hordeum vulgare), and soybeans (Glycine max). Hoyt 
and Nyborg (1971), working with barley, rape (Brassica campestris), and 
alfalfa, obtained a good correlation with yield increases obtained by 
liming acid soils and the amount of 0.01 molar calcium chloride soluble 
aluminum extracted from the unlimed soil. Thus it appears well estab- 
lished that on most acid soils crop damage of aluminum-sensitive crops 
such as alfalfa, barley, rape and sorghum is proportionate to the amount 


of aluminum present in the soil solution. 


Effect of Aluminum Toxicity on Cell Division and DNA Synthesis 
There is evidence to suggest that aluminum may bring about changes 
in cell division. Clarkson (1966) found that Agrostis tenuis, grown in 


solutions containing 1079M aluminum sulphate, showed failure of main 
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roots to develop, resulting in formation of lateral roots which also 
failed to develop. This suggests aluminum inhibits development of the 
root apex and may have an effect on the meristematic region. Clarkson 
(1968), working with nutrient eine a Danse i found that onion roots 
showed a 50 per cent reduction in growth rate after three hours exposure 
to aluminum and this reduction of growth was present 36 hours after the 
roots had been transferred to fresh water solutions. Six hours exposure 
to 10°9M aluminum sulphate solutions resulted in total stoppage of 

growth. It seems that the time of mitotic cycle in onion roots is about 
18 hours and the S stage (interphase which occurs prior to formation of 
distinct chromosomes) involving DNA! synthesis is about ten hours. Clark- 
son (1968) suggests that the mechanism of aluminum inhibiting cell division 
is blockage of DNA synthesis during the S stage. 

Other work by Sampson, Clarkson, and Davies (1965) showed the 
effect of aluminum on DNA formation in barley roots. They found that the 
length of treatment of roots with a 1079M Aly(SO4)3 solution progressive- 
ly decreased the number of root cells entering prophase, until after 24 
hours no roots entered prophase. A similar pH of nutrient solution (4.5) 
--- without added aluminum --- did not alter the rate of cell division. 

Barley roots contain low molecular weight (2.5 x 10°) metabolic- 
ally labile DNA with about 51 per cent guanine + cytosine, and high mo- 
lecular weight (5 x 10°) metabolically stable DNA with about 42 per cent 
guanine + cytosine. Sampson, Clarkson, and Davies (1965) believe that 
the high molecular weight DNA is the genetic DNA. They studied roots 


from aluminum treated plants where mitotic division had stopped and 
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found that both aluminum treated and growing untreated roots incorporated 
32p, However, the newly synthesized DNA of the aluminum treated roots 

was found to be metabolically labile in both the high and low molecular 
weight fractions. They found the aluminum treated roots had a percentage 
of guanine + cytosine in the low and high molecular weight DNA of 51 

per cent and 53 per cent respectively. When the high molecular weight 

DNA from the aluminum treated roots was rendered single stranded (by 
heating and cooling) it was found to be composed of low molecular weight 
DNA which contained the 32p label. They concluded that one of the effects 
of aluminum was to block production of genetic DNA but some of the low 
molecular weight, nongenetic DNA formed a hybrid with the genetic DNA. 


It appears that aluminum disturbs cell division much more than it disturbs 


metabolism. 


Effect of Aluminum Toxicity on Nutrient Uptake and Metabolism 

Interactions between aluminum and phosphorus on cell walls were 
described by Clarkson (1967). He found that roots, pretreated with alun- 
inum, showed increased adsorption of phosphorus, but most of this phos- 
phorus was on the surface of the root in an exchangeable inorganic form. 
He reported that aluminum was firmly bound to cell wall material and its 
adsorption was independent of temperature. He believed aluminum may be 
adsorbed by free carboxyl groups on polygalacturonic acids in the middle 
lamella. Aluminum is also known to form strong cross linkages with pec- 
tin. Clarkson (1967) believed that the aluminum on the surface of the 
root forms inorganic aluminum phosphates, thus reducing the availability 
of phosphorus to the plant. 


Randall and Vose (1963) believe aluminum stimulates the metabolic 
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uptake of phosphorus, but this phosphorus is precipitated throughout the 
plant as aluminum phosphates, resulting in the plant having symptoms of 
phosphorus deficiency. This is not in agreement with the findings of 
Clarkson (1967), who believes that the increased phosphorus content is 
due to chemical precipitation of aluminum phosphates in plant roots. In 
Clarkson's opinion the reactions between aluminum and phosphorus are: 
(1) nonmetabolic and occurring at the cell or root surface and in free 
spaces within the root; (2) metabolic and occurring inside the cell, per- 
haps in the mitochondria and affecting phosphorylation of hexose sugars. 
In Clarkson's view the nonmetabolic reaction may reduce the amount of phos- 
phorus available to a plant, thus bringing about a phosphorus deficiency. 
Aluminum toxicity also affects general metabolic rates. Woolhouse 
(1968) found that aluminum toxicity reduced the activity of ATP-ases and 
acid phosphatases. Bonner (1965) reports that acid phosphatases are pres- 
ent in abundance in the short epidermal cells which develop into root 
hairs and that little acid phosphatase is present in the longer epidermal 
cells which do not form root hairs. Clark and Brown (1973) show that an 
aluminum-tolerant maize variety showed less reduction of activity of the 
enzyme acid phosphatase than did an aluminum sensitive variety. It seems 
that the enzyme acid phosphatase must play a part in root hair formation 
and then aluminum, inhibiting this enzyme, is one of the factors contri- 
buting to poor root hair development of plants in soils with a high content 
of soluble aluminum. Clarkson (1968) used root material pretreated with 
aluminum sulphate as contrasted to untreated control. He measured rates 
of incorporation of 32p into the tissue and analyzed the products. Pre- 
treatment with aluminum sulphate, when contrasted to the control, increased 


the UTPl, ATP2, and ADP? content, but decreased hexose -P and total or- 


y ab eosbriaeorg, elit aud nisi 
Evert dine! pA nt gakihveet pisaeieetiC . 
te age thn ane ai fon ai aiit nto in > 
a duemos urodgeniig: eeaea:at: ons beds. sovel Lack oat) (9900). | 
al «éfeon Joslg fib: aedadaeney mqdiniic Ao Adise¥iq Rien eotat 


a i" ie ; 


_ 
191s aisiieten eek alia nvewied enoisseet oildb ino" 


a, 


7 as r 
set Ri bys evstave Joot zo a ad fe>pn Prades /bIS Sksoded oma 


if ‘ 


~¢80 ,iPeo std sbiehi palanicko bie of lodsyem (3) ; toot wit tatiw 


" 
‘atepua seoxet Yo noitsiytongeota watisstis ae dibrabsose onl aa eit 
“gong, te ‘Snuuite add aobsx yan -notsaset shades semrioly sult waty a? sf 
eYonaho lise sidelined, (a Sunde orem euAs edcté ly a Od ettlelisve! 3 2 
eeviod Loon eee: IElodedsn Leap. er 15 ae ae bs vets ARO? curb ht: 
one, sove~tih t0 xiv poe ach bedobes yet uexas coating ts Sod beh 
“zeny Sts suzsdatiqeoric hice bédd edxoqer (« sar) nance soca oad 
POT ome qoikavat Asidw, effso) fem shige Frotle: ait aa ssgbiuns 
femtebie xeancl edi ah tasestq el scstariq gong biog ene ‘Seid in 
me teatT -worle CEve£) voit tiie rele ’ «edb four axe? Jog, ob ait i 3 
ait to yvivitos to ngitovhes.aqus Lewerle Yreirey ‘gen tnaxe Lo! 
aneae tI <wiSizer evidtartee miiifetls n& bib madd seesedqeong bios sis! 
nokiamto? tise) snot nd P64 & yale sei usd stig nora bles emysne arty sendin 7 
+iadnes eis ed 20. “ai pt ceayans etAt porbtigisins Laois beaks 
tawteoe ties 6 fis aktoe AE ht 49. driamqolevsb ated toon 2004 ot. go 
7 ips 2 Anise gen, $007 ‘beau (aet) needreto atiuntined 6 ae 7 
sates vowasco a stodinos parestinu oF bevestings 25 elle, | 
a ee add Secctans ng wWeett oft ospi S85 to no Eten 
beeen «borings ald 0+ badeswings nod cadet Iwasa agin. 3 


10 racial oaliinas taee eS 4 mie 


a 
a 


12 


ganic -P and considerably increased the inorganic -P. Clarkson (1968) 
believed that this drop in respiratory activity, as shown by failure of 
formation of organic phosphates, is not related to mitotic cessation in 
aluminum treated roots. Mitotic failure occurs after 6 to 12 hours treat- 
ment with aluminum solutions, while respiratory reduction only occurs 


after 24 hours treatment with aluminum solutions. 


Mechanisms of Resistance to Aluminum Toxicity 

Foy, Fleming, Burns, and Armiger (1967) found that aluminum sens- 
itive varieties of barley have higher cation exchange capacities on the 
root surfaces than aluminum tolerant varieties. They believe this higher 
Cation exchange capacity may be the reason aluminum sensitive varieties 
of barley accumulate more aluminum near the root surface. The above 
authors state a higher root CEC* may result in greater adsorption of cat- 
ions relative to anions, greater release of Ht ions, a lower pH in the 
root BE SOrene: increased solubility of aluminum, and therefore an in- 
creased uptake of aluminum ions by the root. Also the higher CEC may 
result in a greater uptake of aluminum ions because of exchange sites 
for cations and because of an increased selective binding of trivalent 
ions over monovalent and divalent ions according to the Donnan principle. 
Foy, Fleming and Gerloff (1972), working with snapbeans (Phaseolus vul- 
garis), showed that an aluminum sensitive variety had reduced uptake of 
calcium and phosphorus as measured in root nuclei, root mitochondria, 
and stem exudates and reduced levels of calcium in root cell walls. They 
suggest the measurement of the uptake of calcium under high aluminum con- 
ditions is a good measure of aluminum tolerance. 


1 uridine triphosphate; 2 adenosine triphosphate; 3 adenosine diphosphate 
4 cation exchange capacity 
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Dodge and Hiatt (1972) suggest an ion imbalance is created by 
selective uptake of anions and cations. They suggest aluminum sensitive 
varieties show lower anion uptake (nitrate) and greater cation uptake 
(potassium) than aluminum tolerant varieties. However, hse do not re- 
port the significant differences in calcium uptake which Foy, Fleming 
and Gerloff (1972) found to be the major difference between aluminum tol- 
erant and sensitive varieties and they do not record phosphorus uptake. 

Resistance to aluminum toxicity on acid soils may be the same 
mechanism as sensitivity to iron chlorosis on alkaline soils (Grime and 
Hodgson, 1968). Grime and Hodgson found that the same species of plants 
which developed iron chlorosis also showed considerable aluminum tolerance. 
They believe the mechanism may be a chelation, which is the same for both 
iron and aluminum, and which removes soluble ions from solution and pre- 
vents them from entering the plant's metabolic system. This results in 
a plant variety suffering from iron deficiency on alkaline soils where 
the solubility of iron is low. This seems feasible and is in agreement 
with observations of McKenzie (1970), who found organic additives to the 
soil, without changing the soil pH, reduced the level of soluble aluminum 


in soil solution and improved the growth of alfalfa. 


Manganese 


Manganese becomes increasingly soluble in the soil at about the 
same pH (4 to 5) as aluminum (Blume and Schwertman, 1969). However, 
large amounts of soluble manganese may be found at pH values above 5 on 
wet soils or soils high in aluminum. It is toxic to plants at high 
levels and results in browning of roots and a speckled appearance de- 
veloping on the older leaves. Jackson (1967) reports plants subjected 


to toxic levels of manganese show higher activities of isocitric dehy- 
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drogenase and malic enzyme in leaf extracts. This is different from tox- 
icity of aluminum or iron where activities of these enzymes are depressed. 
Manganese deficiency, on the other hand, reduces the Hill reaction and 
Causes disruption of chloroplast lamellae structure. It may also be as- 
sociated with DNA and ribosome function. ) 
Manganese uptake and distribution is very complex as it is in- 
fluenced by many other ions. High levels of manganese under certain 
light conditions may depress iron uptake, causing iron deficiency (DeKock 
and Inkson, 1962). Hoyt and Nyborg (197la) obtained a good correlation 
between the manganese content of plants and 0.01M CaClo soluble manganese 
in the soil. However, they did not get good correlations between soluble 
manganese in the soil and crop yields. Pearson and Adams (1967) report 
that in southeastern USA toxic levels of manganese are mostly found on 
soils developed on limestone residuum and loess. It appears that manga- 
nese toxicity does occur on acid soils. However, it does not occur as 
frequently as aluminum toxicity. Other chemical factors may increase or 
reduce the effect of manganese toxicity. Foy, Fleming and Schwartz (1973) 
point out that the factors in a plant which control resistance to aluminum 
toxicity are quite different from those that control resistance to manganese 


toxicity and hence the term acid tolerant variety should not be used. 


Iron 

Iron may become toxic in acid soils, but since Fe(OH)3 becomes 
soluble at a slightly lower pH than manganese and aluminum it is not often 
a problem. Cheng, Bourget, and Ouellette (1971) showed that uptake of 
iron is favored by high temperatures and wet conditions. Iron toxicities 
are reported in rice paddies by Ota and Tanaka (1960) when the paddies 


were at low oxidation-reduction potentials. Iron toxicities do not appear 
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to occur often other than in rice paddies or submerged soils. 


Phosphorus 


The availability of soil phosphorus is low in acid soils. Alumi- 
num and iron phosphates form and have limited solubility under low pH 
conditions. Under acid conditions plants absorb phosphorus but suffer 
phosphorus deficiency because of precipitation of iron and aluminum phos- 
phates on cell walls. Because of this phosphorus precipitation, plants 
grown on acid soils often show abnormally high phosphorus values for 
root tissue and sometimes for leaf tissue. Many cases are reported by 
Jackson (1967) where additions of phosphorus to soil help overcome toxic 
effects of aluminum. Jackson reports phosphorus additions to an acid 
soil do not alter the aluminum content of plant tops but serve to increase 
the aluminum content of plant roots. However, Estrada and Cummings (1968) 
report large phosphorus additions decreased the aluminum content of corn 
(Zea mays) foliage. Long, Langdale and Myhre (1973), working with oats 
(Avena sativa) and millet (Setaria italica), and Estrada and Cummings 
(1968), working with corn, found that large phosphorus additions were 
more important than lime additions or reducing toxic levels of aluminum 
in alleviating acid soil infertility. Estrada and Cummings (1968) attri- 
bute the yield increases from phosphorus to reduced aluminum uptake 
rather than increased phosphorus uptake. 

McCormick and Borden (1972) developed a technique of staining 
roots which showed phosphorus accumulations. Roots which received alumi- 
num and phosphorus showed accumulations of phosphorus at the root surface 
and in the epidermal and cortical regions around the root tip. The alum- 


inum phosphates appeared to be associated with the cell wall and outside 
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the cytoplasmic membrane. Plants which received only phosphorus showed 
no concentrations of phosphorus. This substantiates work of Clarkson 
(1968) and others who have stated a main effect of aluminum toxicity is 


the precipitation of phosphorus. 


Nitrogen 


Acid soils inhibit nitrification and have nitrogen chiefly in the 
form of ammonium. When plants absorb an ammonium ion, this results ina 
release of a hydrogen ion and an increase of acidity in the zone adjacent 
to plant roots. This increased acidity solubilizes soil aluminum and may 
intensify aluminum toxicity damage to crops. Some plant species are not 
able to efficiently utilize ammonium under acid conditions. Sheat, Flet- 
cher and Street (1959) found that tomatoes could effectively utilize am- 
monium at pH 7, but could not utilize ammonium at pH 4.5. Use of heavy 
applications of ammonium fertilizers on soils with pH 5 to 6 may result 
in depression of the soil pH by the nitrification process, thus causing 
further shan acidity problems. Under natural conditions ammonium is the 
main form of nitrogen present in acid soils but it is an unsatisfactory 
form of nitrogen for many plant species. Legumes, such as alfalfa and clo- 


ver show reduced or no fixation of nitrogen when grown under acid conditions. 


Magnesium 


Magnesium deficiency is most frequently found on acid, sandy 
soils (Pearson and Adams, 1967). Moore, Jacobson and Overstreet (1961) 
showed that barley roots' uptake of magnesium was severely depressed 
below pH 5 and the roots lost magnesium below pH 4. Toxic levels of 
aluminum depress magnesium uptake. The presence of a high calcium to 


magnesium ratio depresses magnesium uptake. Liming magnesium deficient 
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acid soils with a calcium lime may aggravate the problem. Presence of 
high levels of ammonium or potassium will also create a magnesium defi- 
Ciency- Magnesium deficiency results in failure of plants to synthesize 
protein and to manufacture chlorophyll. Magnesium deficiency is not 
common but is usually found on acid soils which have a magnesium satur- 


ation of less than five per cent of the exchange capacity. 


Molybdenum 


Acid soils show adsorption of molybdenum anions to clays and 
oxides of iron and aluminum. This results in a soil which does not sup- 
ply adequate molybdenum for plant growth. Liming results in an increase 
of water soluble molybdenum. Molybdenum deficiency impairs the ability 


of a plant to convert nitrate to nitrite. According to Ivanova (1973) 


the nitrate reductase enzyme contains molybdenum and flavin, a molybdenum 


flavoprotein. Plants supplied with ammonium nitrogen, according to 
Hewitt and Grundy (1970), can grow normally without molybdenum. However, 
uptake of ammonium increases the acidity in the plant root zone. Mol- 
ybdenum is also believed to be essential for nitrogen fixation bacteria 
to fix nitrogen in root nodules. However, its exact function is not 
known. Molybdenum deficiency is a problem which occurs most frequently 
with legumes on acid soils. It can usually, but not always, be overcome 


by liming. 


Boron 
The availability of boron is decreased when acid soils are limed. 
A lime induced boron deficiency is most frequently found on sandy soils 


low in organic matter. 


LW 


son xi csieetee eee eae oe mt OF Be 
“tude muieonpems sud Moidy sit6e bide no kau yifeiay at Bnd | 


i apieroxe a 10, nga peyy suka ei cade: 


— ae 


~ - 


bas eyate oy “esoine modebey.tom to gah a wore. elige oe 

oie jon S50b doiew, Dies &s ni atiuAsgion kt ti? +MORE Ean aor? 
weeeton?) re ni atloget. py feel  Adwoee Jsl4 exo? hr SOB 
“ai lide sua etiegut voretolzst mui? obey han -ainYSEE Lom sisbioay 
SENSED evuiowt ov onfbaonohl  .atiatiq ot deeuetn ‘phase? 
uel bens” B divelt brits tae Call an Higtnos siysive sea toutan, Sal : th 
oF potitavan, epepont in mithooine shite botianug aivel’, of aon ry 
- ymeveukoH cfuinksBeptade Auorltbw reblaatn) wie feo e(oNen) bee by ie 
tom, detox Soom sang ety! n: (7ibios aid sasesaont a Er 
shusssed nobesktt meporgsin si is mnsees bd ae bevarled cin ier 


(eg 
Jon et apts ofp tonne aii wei aie: 02 SLT 209% at re poitint | 


-_ zm) 


¥imatpest sacn eau a50 dsksiw walters 8. Ey tehietottes canto” ua 
tT eel i 


emonteve ed eayewlha don us e¥itapat-nes i babes: bia no 2a 
er : 


et Bee 


— v - 
‘eae 


18 


Micro-organisms 

Nitrogen fixation by microbial associations with legumes is 
greatly reduced on acid soils. Alfalfa rhizobia are the most sensitive 
rhizobia to soil acidity and their ability to fix nitrogen is reduced 
below pH 6 (Penney, 1973). Jackson (1967) reports that nutrient culture 
work with rhizobia shows them to be more sensitive to hydrogen ion tox- 
icity than most higher plants. As mentioned earlier, molybdenum defi- 
ciency on acid soils is often a reason for failure of proper nodulation. 
Nitrosomonas and Nitrobacter, the two nitrifying organisms, are both 
quite sensitive to high acidity. Jackson (1967) reports an increase in 
mineralization of organic phosphorus when acid soils were limed. Sulphur 
oxidation organisms may be responsible for production of the acidity of 
many of the acid soils in Alberta and northeastern British Columbia (Clark 
and Green, 1964). The microbiological population of acid soils is differ- 
ent from more neutral soils and this population may not only be a cause 
of the soil acidity, but be part of the problem of reduced growth on 


acid soils, 


subsoil Acidity 


There We not been a great deal of work done to show the effects 
of subsoil acidity on crop yields. Rios and Pearson (1964) used cotton 
(Gossypium hirsutum) grown in a neutral surface soil with their lower 
roots extending into a nutrient culture solution. They found the phos- 
phorus level in the solution did not affect root development. Calcium 
was required in the solution for adequate root development. Aluminum 
concentrations above 1 ppm killed all roots, however it did not affect 


top growth. Manganese did not reduce root or top yield until it exceeded 
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90 ppm. However, the manganese from the nutrient solution was readily 
absorbed and translocated upward. This experiment suggests that the 
presence of relatively high levels of soluble aluminum in acid subsoils 
can result in the failure of plant roots to develop normally despite sur- 
face applications of lime. Other experiments of Rios and Pearson (1964) 
with cotton and sudangrass (Sorghum sudanense) show that an acid subsoil 
results in less water uptake from the subsoil and a lower subsoil root 
yield than a limed subsoil. Growth of soybeans (Glycine max) tops and 
roots was only very slightly affected by liming the subsoil. 

The liming of surface soils usually has very little effect on 
subsoil acidity due to the slow downward movement of lime. Reeve and 
Sumner (1972) worked with acid oxisols from Natal. These soils had a 
high pH dependent CEC and resisted pH change and lime movement. These 
soils also had about 0.5 meg/100 g of calcium in the subsoil which led 
ve authors to believe this would restrict root development. Heavy ap- 
plications of lime to the plow layer did not alter the pH below 45 cm 
in leaching trials or in the field 14 years after the lime was applied. 
However, the authors found 18 m tons/ha of dolomitic lime plus 4 m tons/ 
ha of gypsum greatly increased the downward movement of calcium as com- 
pared to the dolomitic lime alone. However, this downward movement of 
calcium was obtained at the expense of a loss of magnesium from the pro- 
file. Other studies by Pearson, Abruna and Vincente-Chandler (1962) have 
suggested using an acid nitrogen fertilizer like ammonium sulphate to 
effect downward movement of calcium. However, this practice would im- 
prove crop growth only if the acidity problem was a calcium deficiency 


and it would not aid crop growth if the problem was aluminum toxicity. 
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LableslenbivelaseopnAlfalta, as Related -torRates. and Placementyof 
Limestone. 


Rate of limestone Depth of placement Yield over five years 
lb/acre in inches in lb/acre 

4000 0-3 20,409 

4000 0-6 16,473 

8000 0-6 31.5109 

8000 0-12 35,419 

16000 0-24 355,735 


Most researchers have reported little increase in crop yield 
from lime applications to the subsoil. Longnecker and Merkle (1952), 
with greenhouse studies, obtained maximum yields of clover from liming 
the top three inches of pots, but noted an acid subsoil restricted root 
extension into the subsoil. Lathwell and Peech (1965) carried out field 
trials with depths and rates of liming. They concluded, "This experiment 
shows conclusively when small amounts of limestone are used higher alfal- 
fa yields may be expected when the limestone is incorporated into the top 
ee inches of soil. When large amounts of limestone are applied, the 
depth of liming has relatively little effect on yield even though the 
rate of limestone application per unit volume of soil may vary widely." 
However, their data do not substantiate this conclusion. An excerpt 
from their data is given in Table 1. The above data indicates a good 


response to increasing rates and depths of lime applications when the 
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lime was incorporated to 12 inches. Barber (1967) cites five other authors 


who obtained no effect on crop growth from subsoil liming. Hourigan, 


Franklin, McLean and Bhumbla (1961) state that on the basis of greenhouse 
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experiments, surface liming is the major factor providing improvement of 
crop growth on acid soils. Results of the greenhouse experiments cited 
do not mention if any moisture stress was placed on the plants. It is 
evident if moisture and nutrients are adequate plants can be grown suc- 
cessfully in a small volume of soil. Results of field experiments with 
subsoil liming will also depend on the rainfall. If rainfall is heavy, 
gains from subsoil liming will be small. The authors of the best document- 
ed experiment on field subsoil liming (Lathwell and Peech, 1965) came to 
the questionable conclusion that subsoil liming did not help alfalfa growth. 
It appears subsoil acidity does reduce the root development of 
plants and it does reduce the effective volume of soil from which plants 
can draw water and nutrients. Deficiency of calcium may be a problem in 
root penetration in acid subsoils. Phosphorus is quite mobile within the 
plant and is not a problem to root penetration of acid subsoils if it is 
present in sufficiently high quantities in the topsoil. Plow layer lime 
applications do not show much downward movement with time under most soil 


and-climatic “conditions. 


Summary 


Retardation of growth of plants on acid soils is most frequently 
caused by toxic levels of soluble aluminum. Manganese toxicity and some- 
times iron toxicity may be a problem on acid soils. Calcium deficiency 
is seldom a cause of poor growth on acid soils, but a major effect of 
aluminum toxicity is to restrict uptake of calcium, thus reducing plant 
growth. One of the first effects of toxic levels of aluminum is to re- 


duce water uptake by plants, also reducing plant growth. 
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Aluminum toxicities result in the plant developing phosphorus 
deficiency. Aluminum toxicity can be overcome by liming to reduce the 
sOlubility of aluminum or by large applications of phosphorus which cause 
the precipitation of aluminum phosphates in the soil and also on root 
walls and root cellular membranes. Hydrogen ion toxicity is seldom a 
problem to higher plants on acid soils because it requires a lower pH 
for toxicity than aluminum, manganese, or iron. Nitrification is inhib- 
ited by acid conditions so ammonium nitrogen levels are higher than ni- 
trate nitrogen in acid soils. Uptake of ammonium nitrogen by plants on 
acid soils increases the acidity in the root environment. In acid soils 
nitrogen fixating bacteria on legumes do not grow well or effectively fix 
nitrogen. 

The effect of acidity on plant growth varies depending on the tox- 
ic agent involved. Aluminum toxicity results in reduced respiration and 
failure of mitotic division. Manganese toxicity results in very high act- 
ivities of isocitric dehydrogenase and reduced Hill reaction rates. The 
improvement of low crop yields on acid soils requires liming or high phos- 
phorus applications. For field use the cost of high applications of phos- 
Borne is not practical. Tolerant species or varieties of crops can be 
used, but the tolerant species or varieties are usually only tolerant to 
one factor of acidity damage. An aluminum tolerant crop may not be tol- 
erant to manganese toxicity. 

Subsoil acidity appears to limit root development due to low 
calcium uptake in the acid zone and the failure of calcium to move down- 
ward in plant roots. Phosphorus is quite mobile within plants and sur- 
face applications of phosphorus do supply sufficient phosphorus for root 


development. Movement of lime downward in acid soils is very slow even 
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in moist subtropical conditions. The limited root development in acid 
subsoils restricts the amount of moisture a plant can obtain in dry 


seasons and thus reduces plant growth. 
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MATERIALS AND METHODS 
Field Experiments 

The field experiments consisted of a series of subsoil liming 
plots which were set up to determine the effect of subsoil acidity on 
crop growth under field conditions. Plots were set up at three locations 
in the fall of 1970 and spring of 1971 and two further sites in the 
spring of 1972. Legal locations, chemical analyses for the sites, and 
rates of lime added are given in Appendix I. These sites were chosen 
because they represented varying degrees of subsoil acidity and they 
were widely dispersed, which hopefully would provide a variety of cli- 
matic conditions. The first site, prepared in the fall of 1970, was 
near Silver Valley, Alberta on an extremely acid Humic Eluviated Gleysol 
soil of the “Josephine” series. Treatments applied were: 

(ijwcngeto 12°5 em; limed° to 12.5 cm; 

(2) dug to 50 cm; no lime; 

(3) }dugetod50? ch sed imeduao 22.52 cihscand 

(4) dug to 50 cms; limed to 50 cm. 
The purpose of treatments (1) and (3) was to determine whether deep dig- 
ging had an effect on plant growth. Treatments (2) and (3) were designed 
to show if there was a response from surface liming. Treatments (3) and 
(4) were designed to show the effect of surface liming as compared to 
surface and subsoil liming. The experimental design was a Randomized 
Complete Block with four treatments and four replicates. The plots of 
the first treatment were dug to 12.5 cm. The plots of the last three 
treatments each consisted of a pit 50 cm deep and .61 meters wide by 


2.44 meters long. Each plot had the soil removed in three layers: 
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O-12.5 cm, 12.5-25 cm and 25-50 cm and the soil was broken up with hand 
rakes and returned in the same order. Where lime was required, it was 
added in the form of Ca(OH)> and mixed with the soil at a rate suffi- 
Cient to bring the soil up to pH 6.5. A cribbing made of 1 cm plywood 
-61 meters wide by 2.44 meters long was placed in each hole. The crib- 
bing was 40 cm deep in the case of the deep holes and 12.5 cm deep in 
the shallow holes. The cribbing was installed with it about 2 cm above 
normal ground level. In each hole a partition was placed which divided 
it in half to provide two plots, each .61 meters wide by 1.22 meters 
long. In the spring of 1971 similar plots were installed at Bessborough, 
British Columbia on a Grey Solod of the “Alcan" series and at Plamondon, 
Alberta on an Orthic Grey Luvisol of the “Grandin" series. These rep- 
resented sites of fairly high acidity levels. The treatments on these 
two sites were: 

(1) dug to 12.5 cm; no lime; 

(2 dug"to 12.5 cme timed o°2. 5 ‘cm § 

(3) dug to 50 cm; limed to 12.5 cm; and 

(4) dug to 50 cm; limed to 50 cm. 
At these sites the unlimed plot was only dug to 12.5 cm. It was hoped by 
these treatments to separate the digging effect from the liming effect. 
These sites were also limed with Ca(OH)5 at a rate estimated to be suffi- 
cient to bring the soil pH up to 6.5. 

These plots were seeded in the spring of 1971 with Ladak alfalfa 
in the south end of each box and Galt barley in the north end. These 
were two varieties which had been shown to be sensitive to aluminum tox- 


icity. Four rows, each 15 cm apart, were seeded in each plot. In the 
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spring of 1971 and again in 1972 the plots were fertilized with: 

NH4NO3 at 112 kg N/ha; 

Ca3P0, at 89.6 kg P/ha; 

KyS04 at 67.2 kg K/ha; 

Borax at 1.12 kg B/ha; 

NH4MoO, at 0.056 kg Mo/ha. 

The fertilizer application was mixed into the top three centimeters of 
soil in the spring. In the case of second year growth of alfalfa, the 
fertilizer was broadcast on the surface in the spring. Later in the 
summer the plots all received an additional broadcast application of 
56 kg N/ha. 

In the spring of 1972 two further sites were prepared. These 
were at Evansburg, Alberta on a Dark Grey Luvisol of the "Macola" series 
and at Valleyview, Alberta on a Grey Solod of the “Donnelly” series. 
They represented acid soils which had only moderate amounts of soluble 
aluminum. At these two sites holes were .61 meters wide and 1.5 meters 
long and no partition was used to divide the plots. Treatments were 
similar to those at Bessborough and Plamondon. The plots at these two 
sites were limed with CaCO3 at a rate estimated to bring the soil pH up 
to 6.5, fertilized in a manner similar to the previous plots, and seeded 
with Galt barley. 

Harvests were taken of alfalfa in the fall of 1971 and during 
early July and late August of 1972. Barley dry matter was harvested at 
three sites in 1971 and five sites in 1972. Dry matter yields were re- 
corded as 1000 kg/ha. Harvests were taken of alfalfa and barley roots 


in the plots that were dug and limed 50 cm and the plots that were dug 
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90 cm, but limed only 12.5 cm. The plots were cored with a coring truck 
using a 5 cm coring tube placed directly over the row. Three cores were 
washed and screened to recover roots. Moisture determinations were made 
on subsoil samples from the plots that were dug and limed to 50 cm and 
the plots that were dug to 50 cm, but limed only to 12.5 cm. 

Yields of top growth were subjected to analysis of variance. Dif- 
ferences between means were determined by an LSD method developed by Waller 
and Duncan (1969). LSD values were determined for a type 1 to type 2 
error-seriousness or error-weight ratio of 100:1. (Type 1 error = prob- 
ability of rejecting a true hypothesis; type 2 error = probability of ac- 
cepting a false hypothesis). This LSD method was used in preference to 
Duncan's Multiple Range Test and other types of LSD procedures. Consid- 
erable discussion has occurred on whether the significance levelo< on 
which differences are measured should be based on a comparisonwise approach 
or on an experimentwise approach. In a comparisonwise approach the LSD 
value does not increase with n, the number of treatments involved. If n 
is large, this gives a high probability of finding a significant differ- 
ence simply due to the number of treatments involved. In an experiment- 
wise approach the LSD value increases rapidly with n. This reduces the 
power of the test to measure differences. The LSD value of Waller and 
Duncan is a blend of these two approaches. It shifts in relation to the 
F value and in relation to the number of treatments and error degrees of 
freedom. For F values above 2.5 the LSD value changes very slowly with 
larger values of n. For F values below 2.5 the LSD value increases rap- 
idly with increasing values of n. The level of 100:1 error-seriousness 


ratio used is analagous to a 5 per cent significance level of other tests. 
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Soil pH, soluble aluminum and manganese, and extractable alu- 
minum and manganese were determined on all samples. Also extractable 
calcium, magnesium, and sodium were determined. The details of anal- 


yses are given in the Chemical Analyses section. 


Chemical Analyses 


Soil pH was determined on a mixture of 2.5 parts water and one 
part soil. The sample was stirred for one half hour and allowed to 
settle for one hour. The hydrogen electrode was placed in the sedi- 
ment, the KCl electrode in the supernatant solution. For soluble alum- 
inum and manganese determinations, a mixture of one part soil to two 
parts 0.02M CaCl5 solution was shaken for one hour. It was filtered 
with suction on a “Whatman" no. 42 filter paper. Separation was also 
done by centrifugation for ten minutes at 2500 g and filtration by grav- 
ity on a “Whatman” no. 42 filter paper. For exchangeable aluminum and 
manganese a mixture of one part soil to five parts 1M KCl was shaken for 
a half hour. The extraction was similar to that used for soluble alumi- 
num and manganese. Aluminum was determined by the aluminon procedure as 
outlined by Hsu (1963) except that the dilution with water was made before 
instead of after heating. Thioglycolic acid was added to inhibit iron 
interference (Chenery, 1948). For the field survey samples, aluminum and 
some manganese solutions were determined by atomic absorption analysis of 
similar extracts. In other cases manganese was determined by oxidation 
with trisodium paraperiodate in the presence of H3PO0,, according to the 
method outlined by Hoyt and Nyborg (197la). Calcium, magnesium, and so- 


dium were extracted by shaking a mixture of one part soil to 2.5 parts 
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1M KCl for half an hour and then determined by atomic absorption. 


Greenhouse Experiment _on Subsoil Acidity 


A greenhouse experiment was set up involving ten acid soils select- 
ed from agricultural areas in various parts of Alberta. The purpose 
of the experiment was to determine what effect subsoil acidity had on 
growth of alfalfa. Treatments consisted of: 

(1) unlimed topsoil, unlimed subsoil (nil/nil); 

(2) limed topsoil, unlimed subsoil (lime/nil); and 

(3) limed topsoil, limed subsoil (lime/lime). 

Wooden boxes were prepared which were lined with polyethylene bags. 
The boxes were 13 cm by 13 cm and 28 cm deep. Each box received 12.5 cm 
of subsoil which had been ground to 2 mm size and 12.5 cm of topsoil, al- 
sO ground to 2 mm size. The boxes were watered with distilled water to 
field capacity two weeks prior to seeding to provide time for the lime 
to react with the soil. The boxes were fertilized to provide nitrogen 
as NH,NO3 at 60 ppm, sulphur as NagSO, at 10 ppm, boron at one ppm, and 
molybdenum at 0.01 ppm. A solution of KHoPO4 was banded at 3 cm depth 
to provide potassium at 25 ppm and phosphorus at 20 ppm. Alfalfa was 
planted in holes 1.3 cm deep, covered with Ottawa sand, and watered sev- 
eral times daily until emergence was complete. Plants received 16-18 
hours light daily and temperatures ranged from 14°C to 32°C. The boxes 
were watered to field capacity with distilled water. Waterings were sched- 
uled to provide slight drought between waterings and to bring the soil to 
field capacity at the time of watering. An extra application of nitrogen 


was provided to all plants during growth. After three and a half months 
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the alfalfa was harvested and weights of dry matter of tops were record- 
ed. The soil was washed from the roots and root weights were recorded 
for topsoil and subsoil. The soils were analyzed before and after growth 
of plants for 0.02 M CaClo soluble aluminum and manganese and 1M KCl ex- 
changeable aluminum and manganese. Soil pH was recorded at the start of 
the experiment, on the moist soil after harvest, and on the dried soil 
later. Correlations were made between chemical factors of the soil and 


growth ratios of top growth and root growth on limed and unlimed pots. 


Growth Cabinet Experiment with Phosphorus 


An experiment was set up to show the effect of high applications 
of phosphorus on root penetration into an acid subsoil. The soil for 
this experiment was a slightly acid Grey Solod of the "Lowater" series. 
Treatments were: (1) no treatment to topsoil and subsoil; 

(2) limed topsoil and limed subsoil; 
(3) phosphorus added to topsoil, no treatment to subsoil; 
(4) phosphorus added to topsoil and subsoil at rates of 
150 ppm phosphorus. 
One of the aims of this experiment was to develop a type of container 
which could be used for growth experiments, which was water tight and 
did not require a polyethylene bag. A polyethylene bag encouraged root 
development down the side of the container. Containers consisted of 
large wooden boxes, 13 cm by 13 cm by 31 cm deep, which were coated with 
cellulose acetate and polyvinyl chloride. Small boxes, 10 cm by 10 cm 
by 27 cm deep, were coated with latex cement and two 1360 cc (48 oz) fruit 


juice tins provided a cylinder 10.5 cm in diameter and 70 cm high. The 
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experiment was conducted in a growth cabinet cooled from the bottom to 
provide 15°C at the top of the containers and 9°C at the base of the 
containers. Lighting provided 16 daylight hours and 8 hours of darkness. 
Light was 1500 to 1800 foot candles at the leaf surface. 

The containers received the following amounts of air dry soil 


ground to pass a 2 mm screen: 


topsoil ing SUDSOL Diino” 
large box 3100 3100 
small box 1700 1700 
tin cans 1850 1850 


Fertilizers mixed with topsoils of all treatments were: 

Nas NaNO3 at 80 ppm; 

S as NapjSOq at 20 ppn; 

B as Borax at .d ppm; 

“Mo as NH,MoOq at .025 ppm; and 

P and K as KHpPO, at 25 ppm P and 31 ppm K, banded at 3 cm depth. 
In addition, the lime treated soils received Ca(OH)9 mixed with the soil 
at a rate of .25 per cent Ca(OH)9. The phosphorus treated soils received 
phosphorus mixed into the soil at a rate of /50ppm, phosphorus applied as 
KHoPO4- The soils were seeded to Galt barley on August 28, 1971. On 
September 30 an additional application of 20 ppm nitrogen as NaNO3 was 
made. The barley was harvested on November 2, 1971 and dry matter weights 
were recorded. The soils were washed and screened to recover the roots 
which were weighed. Dry matter yields were subjected to analysis of var- 
ance and treatment differences were measured by LSD (Waller and Duncan, 
1969). Soluble aluminum, soluble manganese, and pH were determined on 


ali soils. 
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Greenhouse Experiment with Temperature and Acidity of /Subsoids 


A greenhouse experiment was designed to determine if any inter- 
action existed between root development of alfalfa grown on acid soils 
and soil temperature. The experiment was set up in a Factorial design 
with factors of temperatures, soils, and lime rates. Three soils were 
used representing low, intermediate, and high levels of soluble aluminum 
in the subsoil. Three levels of acidity were achieved on each subsoil 
by liming to remove all soluble aluminum, liming to reduce soluble 
aluminum, and no lime. Surface soils were limed to neutrality. The 
soils were placed in cylinders which consisted of two 1360 cc (48 oz) 
fruit juice tins which were joined by silicone sealant. This gave a 
cylinder which was 31 cm long and 13 cm in diameter. The inside of the 
cylinder was coated with a latex cement for one replicate and with an 
asphalt tar compound for the second replicate. Three temperatures were 
obtained by using three retail style wet type soft drink coolers. Two 
of the coolers were equipped with a 3°C differential thermostat. The 
third cooler was equipped with an aquarium heater. 

Twenty four soil psychrometers were prepared according to a 
method of Dalton and Rawlings (1966) which was modified by Mayo (1970). 
These psychrometers were placed in the lower and upper halves of twelve 
cylinders. They provided a means of monitoring moisture losses and de- 
termining if sufficient water was being added at the top of the cylinders 
to replenish moisture losses in the lower part of the cylinders. Thermo- 
couples were made to provide a means of directly reading the soil temp- 
eratures and of making temperature corrections on the psychrometer read- 


ings. Thermocouples were placed in the top and bottom of six cans. 


a2 


" eedod. yrs eae ingests od benbicab eas 
giges hiss a6 ae: ‘iptis tp “ardogoove doen 0 
Pradoad SOS qu 732 e6N inantaea9: ait. 


i ut 


mezesb fac 
etew'ailoe cenit -esten emi bog ped fox scoiusdaean 
metry cece sities +3 efavel pit Bas «otathomsorpa isan 
freee da65 no bawetdos stew Wutsbte!4 inset ‘Sead lit 


~ 


jufoa sotbriros on7nzl «mun eOess eld toa Pts. S\omes wt 
sa) oo voilaidusn, of beni ete ileal Os gretout omits ort: we 
(wa Bi), se OAS) owt 16 Hotetonoa Hadi arent ty: HE. booeden 
s evgpalil staslsae aagpilia ud’ Bentot ea GH dofie saat ¢ 
sid to sbient gal ~tevemeth at m- L bag pel mp Te oy oki 
“Ee Atty eA) SJeat ige: xis TO Seine) xatei e 5 ATi batec? vo, 
eapeey 2h ERAS? goril] ,.sisotiqea’ hiotee edz eat haieRmee age 
oved leaned inseh Five sqye- tow 3. ¥%e Ligier dh as wae 
end. .tsdeborand Lal saotsah4n Bom: ant beqy iis sth ans 
Lpedeeal 0 iis supe ne. Kate Bertie mt aLooo) th 

$07 ‘GetB10 295 bauer o3 OW enstomondoyed, Ls hoist i a 
(OTE 2) ce xe helt? aul atu uioietwe (SOL) agit ae bis iaiatd o i ¢ 
syle: to. aavisn: rae tons eB ABS wi pooals ore et! . ‘ 
eects askeot apieda i, phiendinam $9 eee i bpbivesg: ne 
Liye ett fo oy ats: 5 ‘bees on pated zew tet nats oat 
“ste _sphabadlys ani $0. mei seanl (add nz atanel << 


eet oe ise 0! Ssoh's ae aba eee : 


24 Poe, 2 a aca yearns? wide 40 daddies 


eo 
y a. 44 
Ce ey 


PA) 
7 


33 


The three soils used were: a Humic Eluviated Gleysol of the 
"Josephine" series, initial pH of the subsoil was 4.4; a Grey Solod of 
the "Alcan" series, initial pH of the subsoil was 5.2; and a Grey Solod 
of the ‘Alcan" series, initial pH of the subsoil was 5.1. The soils were 
ground to pass a 2 mm screen, limed to appropriate levels, and placed in 
the cylinders. Psychrometers and thermocouples were installed in some 
of the cylinders. The soils were watered to field capacity and allowed 
to sit for one week before seeding to Ladak alfalfa. Alfalfa was seeded 
in a similar manner as described in the Greenhouse Experiment on Subsoil 
Acidity. A fertilizer solution was mixed with the topsoil to provide: 

80 ppm N as NHyNO3;3 

20 ppm S as NagS043 

-D ppm B as H3B0,43 

025 ppm Mo as NH4Mo04. 

Phosphorus and potassium were added as KHpPO, to provide 50 ppm phosphorus 
and 62 ppm potassium. The KHpPOQq, solution was banded at 3 cm depth. Air 
temperature was at 21°C day and night and the plants received 16 hours of 
light and 8 hours of darkness. After emergence of alfalfa was complete 
the soils were placed in three coolers which provided the following three 
subsoil temperatures of 8°C, 14°C, and 21°C. After six weeks, when the 
alfalfa was well established, the containers were watered to field cap- 
acity for several days in succession to bring the moisture level in the 
subsoils to near field capacity. The psychrometers were used to monitor 
the soils to determine if water had infiltrated to the subsoils. Then 
the pots were allowed to dry out until wilting was evident. Before wat- 


ering, the pots were weighed and moisture losses recorded in order to 
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determine the effectiveness of root function in withdrawing water from 
the subsoil. 

Tops were harvested after 76 days growth and dry matter yields 
recorded. The soils were washed and screened and topsoil and subsoil 
root yields were obtained. The top and root yields were analyzed by 
analysis of variance. Differences between means were determined by an 
LSD method of Waller and Duncan (1969). Soil pH, soluble aluminum and 
manganese, and extractable aluminum and manganese, and 1M KCl extractable 


calcium, sodium, and magnesium were determined on the subsoils. 


Nutrient Culture Experiment 


Growth of crops tolerant to the toxic factors present in acid 
sOils is one method of managing acid soils. In Alberta most acid soils 
have aluminum as the major toxic factor limiting growth of cereals. In 
acid subsoils, aluminum toxicity is the major factor limiting root pene- 
tration. Liming subsoils is not at present economically feasible. Heavy 
phosphorus applications to overcome toxic levels of aluminum are also 
very expensive. Consequently, growth of aluminum tolerant varieties of 
crops is the best way to manage soils with acid subsoils. Barley is an 
aluminum sensitive cereal crop which is frequently grown in areas of 
central and northern Alberta where acid soils may be present. A method 
developed by Foy and Brown (1964) was used to separate aluminum tolerant 
from aluminum sensitive varieties. 

Two preliminary trials were made with growth of barley and oat 
varieties in nutrient culture solutions. The third trial consisted of 


nine pails with three pails at each of three levels of aluminum and eight 
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Table 2. Composition of Nutrient Solution. 


Chemicals used Concentration Chemicals used Concentration 
KNO3 2 mM CuSO *SH90 Sp M 
Ca (NO3)5*4H20 4 mM ZnSO, * 7Hp0 uM 
MgSO, 2 mM H3B03 10M 
(NHy ) S04 -o mM NH,Mo04 ol L M 
NH4 HPO, 10 ps M NaCl 30p M 
MnSOy, *H90 2pM FeEDTA ae 


varieties of barley grown in each pail. The experimental design was a 
randomized complete block. The pails each contained 10.2 liters of sol- 
ution. The nutrient solution used was that of Kerridge, Dawson and Moore 
(1971) (Table 2). The pH of the solution was checked daily and maintained 
at 4.0 by additions of dilute HCl and NaOH. Phosphorus concentrations 
were checked several times during the growth period and adjusted upward. 
Aluminum levels were initially 0, 4, and 12 ppm. An additional 1.5 ppm 
aluminum was added to the 4 ppm solution and 2.5 ppm aluminum was added 
to the 12 ppm solution. Nylon mesh screens covered the bottom of cylin- 
ders which were made from sections of 4 cm inner diameter polyethylene 
pipe. The pipe sections, 4 cm long, were mounted in an opaque acryllic 
plastic sheet which covered the top of each pail. Each pail was aerated 
by means of a glass tube with a porous bulb at the base. These tubes 
were connected to a manifold supplied with air at about 75 g /sq cm 
eae "Captan" fungicide was used to control growths of fungi on 
each pail. The eight barley varieties used were selected mostly from 


varieties used in northern Alberta. Galt and Olli barley, which were 
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aluminum sensitive and aluminum tolerant respectively were included. 
Volla, a new barley variety which has been recommended for Nova Scotia 
was included. The other varieties were Centennial, Conquest, Betzes, 
Bonanza, and Jubilee. The barley seeds were germinated on filter paper 
which had been watered with the appropriate nutrient solutions. After 
three days the seedlings were placed on the nylon mesh screens at the 
base of the polyethylene cylinders. After 13 days growth in the pails, 
the seedlings were harvested and lengths of roots and top growth were 
measured. Root lengths and top lengths were analyzed by analysis of 
variance and differences between means were determined by an LSD method 


of Waller and Duncan (1969). 


A Field Survey on Subsoil Acidity 


A field survey was undertaken to determine the approximate extent 
of areas which might contain appreciable subsoil acidity. With the help 
of a coring truck, samples were taken from cultivated fields in the Boyle- 
Lac La Biche area; the Evansburg-Whitecourt-Fort Assiniboine areas; and 
in the Peace River region including Dawson Creek, Fort St. John, and 
Beaton River areas. A few samples were also collected from west central 
Alberta in the area from Buck Lake to Rocky Mountain House. General 
areas for sampling were chosen on the basis of previous known areas that 
showed acidity problems, and soil survey data that indicated soil series 
which might have acid subsurface horizons. In addition, T.A. Lord of the 
Federal Soil Survey in Vancouver provided some samples from the Peace 
River area in British Columbia. 


Field samples were analyzed for pH. Those samples which had a 
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water pH below 6 were analyzed for aluminum and manganese. Analyses 
were done by atomic absorption on 0.02 M CaCl2 extracts. 

Cores were taken to 1 or 1.2 meters and depths of horizons were 
identified. For the presentation of data, results are shown for 0-15 
cm, 15-30 cm, 45-60 cm, and 90-110 cm as it was believed this would give 
a good representation of those rooting zones which would be of most im- 
portance to crop production. Correlation coefficients and regression 
equations were determined for the relation of soluble aluminum to pH at 
the three depths mentioned above. Maps were prepared to show the loca- 


tion of areas where soluble aluminum occurred at toxic levels in subsoils. 
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RESULTS AND DISCUSSION 
Field Experiments 

Field plots with limed subsoils were installed at five sites 
to determine if subsoil liming would affect plant growth under actual 
field conditions. Ladak alfalfa and Galt barley were grown at three 
sites in 1971 and 1972 and Galt barley was grown at two additional sites 
in 1972. 

Themresnl ta (lapleci4, #>..6,nande) show thatjingall cases with 
barley and alfalfa some increases in yields took place in the plots dug 
and limed to a depth of 50 cm (deep limed), as compared to the plots 
that were dug to 50 cm, but limed only to a depth of 12.5 cm (shallow 
limed). These increases in yield were much larger with alfalfa, a deep 
rooted crop, than with barley, a more shallow rooted crop. At all sites 
barley and alfalfa showed from slight to large increases in yield on 
thas plots that were dug and climed to 12.5 cm, as compared to the Iplots 
that were not limed. These increases in crop yields indicate there are 
benefits from subsoil liming in addition to the benefits obtained from 
liming the topsoil. 

Weather records from the Gwernment of Canada Department of 
Transport (Table 3) indicate that in the years*or 1971 and 1972srainfall 
was not normally distributed. The early part of the growing season in 
the years 1971 and 1972 was extremely dry. To overcome this drought 
and ensure uniform germination of crops, all sites were watered with 
about one inch of water either at the time of seeding or about one week 
after seeding in 1971 and 1972. After about the middle of June rainfall 


was unusually heavy. This resulted in flooding at the Plamondon site. 
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Table 4. Dry Matter Yields of Barley and Alfalfa from Field Subsoil 
Liming Plots at Silver Valley, Alberta. 


Treatment Yield of crops, g/ha 
Depth Depth Barle Alfalfa 
dug cm limed cm Sept ./71 Sept ./72 OG. GLE July 772 Sept ./ 2 


ie EAS 6.02a® 6.00a 0.87ab 26333 Soba 
50 O 0.40b Pea 0.004c Oe Ole Celle 
50 P Beas, 5 .48a 0 9Da 0.673b 475 oe 2b 
50 50 6.68a 6st 0a 0.965a 25398 e044 
F 35 .6%** 23 ..3** Vitis 83 .0** ieot® 
| ot B 1.96 1a 0.29 0.34 Aye) 
oe 


All those values which are not followed by the same letter are sig- 
nificantly different at an LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 


** F value is significant at the 1% lew of probability. 


This heavy summer rainfall reduced the need for the crops to use subsoil 
moisture. In years with more. normal rainfall distribution, such as shown 
for the average rainfall for Beaverlodge and Fort St. John (Table 3), the 
benefits of subsoil liming should be greater. 

At the Silver Valley site all the plots with limed treatments 
showed greatly increased yields over the plots with unlimed treatments 
(Table 4). This was because the site was quite acidic and had soluble 
aluminum ranging from 58 ppm in the 0-12.5 cm layer to 94 ppm in the 
25-50 cm layer. The plots that were dug and limed to 50 cm, when com- 
pared to the plots that were dug to 50 cm, but only limed to 12.5 cm, 


showed significant yield increases of alfalfa and smaller --- but not 
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significant (at the 100:1 error seriousness ratio) --- yield increases 
of barley. The summer of 1971 was wetter than normal and the summer of 
1972 was extremely wet at this site. This accounts for the small differ- 
ence in yields of barley between Nae erets that were deeply limed and 
the plots that were shallow limed. The plots that were dug and limed to 
a depth of 12.5 cm were included to determine the effects of digging by 
comparing this treatment to the plots that were dug to a depth of 50 cm 
and limed to a depth of 12.5 cm. However, in anticipation of settling 
occurring in the fall of 1970, deeply dug plots were mounded. An error 
in the spring of 1971 resulted in all the plots being levelled. Therefore 
a loss of 4 to 5 cm of limed topsoil occurred on the plots dug to a depth 
of 50 cm. As a result of the loss of topsoil at this site any comparison 
between the yields of the deeply dug plots and the shallow dug plots is 
not valid. 

The soil at the Bessborough site was not as acid as the soil at 
Silver Valley, however it showed good responses to surface and subsoil 
liming (Table 5). For the two crops and the two years the plots that 
were dug and limed to a depth of 50 cm showed significant yield increases 
over the plots that were dug to 50 cm, but limed only to 12.5 cm. Also, 
for the two years the plots that were dug and limed to a depth of 12.5 cm 
showed significant yield increases of barley and alfalfa over the unlimed 
plots. This site also had abnormally heavy rainfall during the summers 
of 1971 and 1972. This reduced the moisture stress and the effect of the 
deep liming. Moisture data (Appendix 11) for 1971 showed that when lime 
was applied to a depth of 50 cm there was less moisture at the 25-50 cm 


depths under both alfalfa and barley than when the soil was limed to a 
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Plate 1. The site of the field experiment at Bessborough, British 
Columbia in August of 1972. 


Plate 2. A close-up of two plots at Bessborough, British Columbia, 
the plot on the left is dug to a depth of 50 cm, but limed 
to only 125cm, and the plot on the right is dug and limed 
to a depth of 50 cm. Alfalfa after the first harvest is at 
the front of the plot and barley is at the back of the plot. 
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Table 5. Dry Matter Yields of Barley and Alfalfa from Field Subsoil 
Liming Plots at Bessborough, British Columbia. 


Treatment Yield of crops, q/ha 


Depth Depth Barle Alfalfa 
dug cm limed cm Sept ./71 Sept ./72 Ooh ey ak Jae 7 72 Gepu./ 2 


12.5 0 5 .29c® 7.04c 0.78c 1.75b 1.80b 
12.5 12.5 7.40ab 7.93b 1.18ab 2.59a 2.66a 
50 12.5 6.28bc 7.07c 0.87bc 1.87b 2.1lb 
50 50 8.19a 9.30a 1.38a 2.86a 2.70a 
F 3.67% 16.2** seo 6.32* 9.6%* 
LSD 1.682 0.75 0.25 0.65 0.41 
t 


All those values which are not followed by the same letter are sig- 
nificantly different at an LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 

-* F value is significant at the 5% level of probability. 


** F value is significant at the 1% level of probability. 


\ 


depth of 12.5 cm. Alfalfa was more effective than barley in using water 
from the 25-50 cm depth. 

The Plamondon plot was situated in a poorly drained area and 
extremely heavy rainfall in June and July of 1971 resulted in some of 
the plots being flooded for several weeks. Again in the summer of 1972 
some flooding occurred. The plots that were deeply limed suffered less 
damage from the flooding than the plots that were limed to 12.5 cm, 
perhaps due to better subsoil drainage. Harvest data were only collected 
on those plots where flooding damage was not serious (Table 6). Where 


statistics were performed alfalfa and barley showed significantly higher 
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Table 6. Dry Matter Yields of Barley and Alfalfa from Field Subsoil 
Liming Plots at Plamondon, Alberta. 


Treatment Yield of crops, g/ha 
Depth Depth Barle Alfalfa 
dug cm limed cm Sept./71 Aug. /72 Ot ere JULY /T2 AUGs/ (2 


12.5 0 2.78 4.84c” 0.92 1.78 1.47c 
12.5 12.5 5.77 6.49b 1221 3498 2.76ab 
50 195 5.70 5.18be 1.08 2.63 1.86bc 
50 50 9.39 8.78a 1.52 Sco! 3.19a 
E sok 11.0%* Hk 1.57 5.42 
LSD 1.63 0.955 
é& 


All those values which are not followed by the same letter are sig- 
nificantly different at an LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 

* F value is significant at the 5% level of probability. 


** F value is significant at the 1% level of probability. 


*¥*No statistics performed due to water damage from flooding destroying 
part of three reps. 


yields on the plots that were dug and limed to a depth of 50 cm as com- 
pared to the plots that were dug to 50 cm and limed to 12.5 cm. For 
barley and alfalfa in 1971 and alfalfa in the spring of 1972 large real 
increases in growth appear to have occurred from deep liming and from 
surface liming as compared to the unlimed plots. For the fall of 1971 
soil moisture data (Appendix II) for the Plamondon site showed less 
moisture present in the 25-50 cm depths in the plots that were deeply 


limed, for both barley and alfalfa. Similar moisture data were obtained 
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for alfalfa in 1972. Subsoil root yields for 1971 indicated more barley 
roots present below 25cm when lime was added to a depth of 50 cm. Alfalfa 
root data for September, 1971 showed similar root yields present at depth 
for both the shallow and deeply limed plots. 

Barley was grown for only one year at the Valleyview and Evans- 
burg sites. These two sites were selected because they represented areas 
which were only moderately acid, with levels of aluminum about 5 ppm at 
Evansburg and 7 ppm at Valleyview at the 25-50 cm depth. The results 
from the Evansburg site (Table 7) indicated significant yield increases 
for the plots that were dug and limed to a depth of 50 cm as compared to 
the plots that were dug to 50 cm and limed ors CO 32.0°Cm. | onaLlow dug 
and limed plots had only a slightly larger yield of barley than unlimed 


plots. The site at Evansburg was very wet for part of the summer and 


Table 7. Dry Matter Yields of Barley from Field Subsoil Liming Plots at 
Evansburg and Valleyview, Alberta. 


Treatment Yield of Barle ha 

Depth dug Depth limed Evansburg Valleyview 
cm cm Sept ./72 SeDlse/ ta 
T40 © 3.97b? Tes 
12.5 tod) 4.29b Ted 
50 £269 4.22b Osoo 
50 ai) 5.62a 6.64 

E Zend 1.45 

LSD 1.26 


® All those values which are not followed by the same letter are sig- 
nificantly different at an LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 
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soil moisture levels were high at harvest time. No differences were 
observed in the subsoil moisture levels (Appendix II). The plots that 
were limed to a depth of 50 cm showed slightly more roots at the 37.5- 
50 cm depth than the plots that were limed to a depth of 12.5 cm (Appen- 
dix II). The Valleyview site (Table 7) showed high variability in yields 
between replicates. Though differences in yields of barley between 
treatments were not statistically significant, slight increases in yield 
did occur from surface liming as compared to the unlimed plots. 

It was evident that deep liming increased the penetration of 
barley roots into the subsoil at all sites. The increased penetration 
was most evident on the Silver Valley, Eee and Bessborough sites 
which had the highest levels of soluble aluminum in the subsoils (Figure 
1 and Appendix II). The 37.5-50 cm layers of the shallow limed plots 
had almost no roots in those soils with the highest levels of aluminum, 
and only 36 per cent of the amount of roots that were present in the 
deeply limed plots at Evansburg and 52 per cent of the roots that were 
present in the deeply limed plots at Valleyview. The 25-37.5 cm layer 
of the deeply dug, shallow limed plots had reduced amounts of roots at 
all sites, except Valleyview. The 12.5-25 cm layer of the plots that 
were limed to 12.5 cm and dug to 50 cm in all cases had more roots than 
in the deeply limed plots. This can be explained by the branching of 
roots due to failure of root meristems to develop when they encounter 
toxic levels of aluminum. This results in a network of thick short 
roots forming in that zone. The top layer (0-12.5 cm) showed slightly 
more roots in most cases in the plots that were limed to a depth of 50 


cm because of greater plant growth occurring on these deeply limed plots. 
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Penetration of alfalfa roots into the subsoil was also increased by deep 
liming at the three sites where alfalfa was grown (Appendix II). Data 
in Appendix II indicate that soil moisture depletion under crops is a 
good index of root penetration and activity in subsoils. This increased 
removal of water at lower depths by barley and alfalfa roots in the deeply 
limed plots as contrasted to the shallow limed plots occurred despite 
heavy rainfall in excess of crop needs during part of the growing season. 
Statistical analyses were not used on the soil moisture and root 
yields. Variability between plots was high, and with one degree of free- 
com for treatments and three degrees for error a very high F or t value 
was required to show significance. Using transformed values for root 
yields it was possible to show significant differences in many cases, 
but no one transformation seemed to be appropriate for all the data. 
Subsoil liming does increase yields of acid-sensitive crops under 
field conditions in central Alberta and northeastern British Columbia. 
This is contrary to the views of Lathwell and Peech (1965) and other 
authors previously mentioned. The effect of subsoil liming appears to 
be on increased root penetration resulting in moisture being obtained 
from deeper depths. Lathwell and Peech used alfalfa in subsoil.liming 
experiments and may not have separated the effect of nitrogen fixation 
on their subsoil liming trials. Nitrogen fixation is greatly reduced 
below pH 6 and does not function at all at lower pH values. The increased 
yields Lathwell and Peech (1965) obtained by liming 3 inches with 4000 
pounds of lime per acre over liming six inches with this same amount may 


have been due to the 6 inch treatment not raising the pH sufficiently for 
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nitrogen fixation to occur. cee. such as Longnecker and Merkle (1952) 
and Hourigan, Franklin, McLean and Bhumbla (1961), who have worked with 
subsoil liming trials, have used greenhouse experiments where surface 
moisture applications may have been very frequente A number of experi- 
ments have been carried on in southeastern USA which have indicated 
little or no response of crop growth to applications of lime in the 
subsoil (Barber, 1967). The rainfall levels are higher in southeastern 
USA than in Alberta and this may have resulted in less moisture stress 
than occurred with the field experiment reported here. Another reason 
for lack of response of subsoil liming trials is that a negative effect 
may be obtained from digging. In this field experiment at all sites the 
plots that were dug to a depth of 50 cm, but only limed to 12.5 cm always 
had lower yields than the plots that were dug and limed to a depth of 
220 Cills 

“ALL those who helped the author in preparing the plots for sub- 
soil liming would agree that subsoil liming is not a feasible means of 
overcoming subsoil acidity. The large amounts of lime that would be 
needed to lime a soil to a depth of 50 cm or more would also make this 
uneconomic. Growth of species of crops tolerant to soil acidity would 
be the most practical method of utilizing soils with high levels of al- 
uminum in the subsoil. Plow layer applications of lime and use of phos- 
phorus fertilizers may increase growth on these soils particularly if 
the subsoil acidity is not too severe. Further work is needed in cata- 
loguing crop varieties to determine which ones are most tolerant to high 
levels of aluminum and so would be suited to growth on these soils. Most 
areas with severe subsoil acidity problems should not have been cleared 


for agriculture. 


, aftralt Bag aedseoenod -as ods eRaorls? .m390 93 notes 


sow overt omw (200L) sidmedt Ors neal: -nts as aa 


cw asihsmrtedhs seviatiness » beay ove <aisias 


; nA | sseepett prey, 0e5¢ over Yom. ae Bere 
of oi Sh asvetesentiee 41 00 beittes a 
| Pye 
to sfividgobines Of Bawore got to sohoqess & i 
; dnid ote 2bavel ifsiater eat week ee) a 
ayi+ cs 
oT pz ee ab ise. : Withee: avon Yen bed tas nts wetted ot As P Ae 
ir 
Noes A axar cot betroges tnvanhteqae Gell es aoe if 
sTTo oi & THAI sisiag’ animli Dlozque 20 genogevs 
\ 2 . 7 s ; ee 
tte ike J: ustiauee blett eit at .pningkbh mort bentesdo vem) 
Y . ; vo 
le al oF bemt! yine Tia ym Ve 15 page de thet cael tent 


t i hoy a “o7 beri big cuh « 2 Lev peta at Ley pe nett ebloly 1 


aids siso Gals blaow @tem 20¢-mo OC To Mayes & A 


bluow, yiibies Lioe ox dietet of oe to aelsege te aA 


26H Tor sau bee amit 26 ate ae = woe” Lies 


O° snaen oft faset ¢ Jon i prin? Bf Choptie tails EAE biy 


5 to clovel Hed Mtiw slice ‘prbsils 7 : hod gent tnotdi 


wid ; 


a 


} ~ 
fil 


~~ 


40% -otele ont préteqenq ai soltve ond beq led oriw . eroit A 


‘ a 


sd bivow Jetd enh To. etevoms optel afl .Yaibiss. [towdue ® 


Y. 
sad 
c 
a 
& 
= 


ad a ae - 


Ce oe ittes « 
¢ bebed 2 Wee: es oy 
die Coe 


| ‘elite beni ii 


, . ' —_ 


{ “Ss i 4s 
a “onthe 


eater 0%: 


Brice 


ol) 


Greenhouse Experiment _on Subsoil Acidity 


This experiment was designed to provide information on growth of 
alfalfa on acid soils and to determine the amount of penetration by alfalfa 
roots into acid subsoils. The experiment consisted of boxes with 12 cm of 
topsoil placed on top of 13 cm of subsoil. The ten acid soils used in 
this experiment each had three replicates of the following treatments: 

(1) unlimed topsoil and unlimed subsoil (nil/nil); 
(2) limed topsoil and unlimed subsoil (lime/nil); and 
(3) limed topsoil and limed subsoil (lime/lime). 

The results of this experiment (Table 8) showed that liming the 
topsoil and subsoil resulted in only slight increases in top growth as 
compared to limed topsoil and unlimed subsoil. However, liming the sub- 


s0il resulted in a considerable increase in root penetration into the 


“©” subsoil. This suggests that under the conditions in the greenhouse the 


plants were able to get adequate water and nutrients from the topsoil. 
Roots in the subsoil tended to follow the surface of the polyethylene 

bag used to line the box, perhaps because of better aeration. To prevent 
such a pattern of rooting it was decided not to use polyethylene bags in 
further experiments. 

Plate 3 Let tch the nil/nil treatment the dwarfed growth and the 
purplish color that is typical of plants suffering from severe aluminum 
toxicity. The center plant in Plate 4 shows the failure of the root tip 
to develop when toxic levels of aluminum are present in the soil. This 
is in agreement with Clarkson (1968) who states one of the effects of 
aluminum toxicity is to kill meristematic tissue and promote branching of 


rootse In the soils with a high level of aluminum in the subsoil a tap 
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Table 8. Dry Matter Yields of Alfalfa Tops and Roots from the Greenhouse 
Subsoil Acidity Experiment. 


Rootsyielids in box 


outside 
inside. soil ‘block soil 

Top DLOCK< Ti alecal 
Soil Treatment growth O-12cm 12-25cm 12-25cm roots 
"Lowater" nil/nil 16.6 8.0 3.8 3.3 15.4 
lime/nil 18.4 15 4.0 cee 15.6 

lime/lime 18.4 eG (ee 3.0 Oe. 2 

"Grandin" nil/nil ioe 5 iat 2.8 12.5 
lime /nidaw lo<L 10.5 0.9 Die ie. 1 

lime/lime 17.3 10.4 woe pe) 17.5 

"Donnelly" nil/nil L720 7.5 O59 PED: 12, 

l Lime/nvl ) 19s2 7.8 332 ey 13.4 
lime/lime 18.1 8.3 LN) 265 15.3 
"Josephine" nil/nil 0.01 0.03 0.0 0.0 0.03 
lime/nil 15.7 13.9 One Oe3 14.5 

lime/lime 15.9 10.8 5.6 1.6 17.9 

"Macola" nil/nil 25.1 14.4 Bel. 1.8 24.5 
lime/nil 25.0 13.2 9.0 Doi 25.0 

lime/lime 28.3 15.0 9.0 00 D6e1 

"Athabasca" nil/nil poe 13.3 7.6 2x6 24.4 
lime/nil 24.4 ioe 7 6.8 pa 22.9 

lime/lime 25.2 13.0 hol oe 23.4 

"Donnelly" nil/nil 23.8 9.5 AS] Dae ho. 7 
-— lime/nil 24.8 Yost 4.5 oat 16.8 
lime/lime 23.4 Oe? es ono 18.0 

"Breton" nil/nil 19.1 9.6 4.8 Se 17.6 
lime/nil 17.6 10.1 4.8 uy 07.9 

lime/lime 19.4 9.2 5.5 2.6 ni? «6 

"Donnelly" nil/nil tA Sal eo pase 12.3 
3 lime/nil O33 10.0 O56 270 14.6 
lime/lime 22.8 Monge: 3.8 One 17.0 

"Valleyview" nil/nil LOLT sya Le7 0.3 I 
limejmid 15.9 4.6 1.5 0.3 6.4 

lime/lime 16.7 50 lag 0.4 7.6 


* Roots that grew between the subsoil block and the plastic bag which 
lined the growth box. 
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Plate 3. Growth boxes used in the greenhouse experiment on subsoil 


acidity. Alfalfa grown on the Josephine soil for five weeks. 


On the left is the nil/nil treatment and on the TIGht 1s the 
lime/lime treatment. 


Plate 4. Roots obtained from alfalfa grown for five weeks. They are 
from left to right from the lime/lime, the nal /nel, and the 
lime/nil treatments of the Josephine soil. 
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Plate 5. Growth boxes at time of harvest. Wembley is "Donnelly" 2 
in the text. 


Plate Gs 


Roots from the lime/nil 
treatment of the Jose- 
phine soil. This shows 
the development of fine 
roots at the 3-6 cm 
depths resulting from a 
banded phosphorus layer 
and also a proliferation 
of roots at the top of 
the unlimed subsoil. 
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root failed to develop in the unlimed subsoil (Plate 6). 

Chemical analytical data on the ten soils are shown in Table 9. 

A number of determinations of pH, aluminum, and manganese were made on 

the soils before and after the experiment to establish the reproducibility 

of these procedures under various conditions. Some increase of pH was 

found in many of the moist samples when compared to the same samples when 
dried. Also the original topsoils from samples taken before the experiment 
tended to have a lower pH than the final dry topsoils after the experiment. 

Aluminum values varied somewhat during the experiment but not enough to 

appreciably alter the correlation coefficients obtained from aluminum ex- 

tractions at different times. Manganese levels in the original subsoils 
were not high enough to be toxic to plant growth according to Penney 

(1973). These manganese values declined during the experiment (Table 9). 

Root growth ratios and top growth ratios were correlated with 
various analytical data from the unlimed soils (Table 10). These corre- 
lations indicate: 

(1) The yields of alfalfa top growth and alfalfa roots in the 12-25 cm 
depths on the nil/nil treatments as contrasted to the lime/lime 
treatments were significantly correlated to pH of the topsoil, pH 
of the subsoil, to aluminum levels in the topsoil, and aluminum 
levels in the subsoil. This means that response of alfalfa to lime 
as measured by top growth and subsoil root yields is significantly 
correlated to the soil pH and also significantly correlated with 
subsoil and topsoil aluminum levels. 

(2) The top growth and the root yields in the 0-25 cm depths when the top- 


soil was limed and the subsoil was not limed (lime/nil), when contrasted 
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to the lime/lime treatments showed no relationship to any of the 
chemical analytical data. This suggests that under these conditions 
in the greenhouse increased root yields obtained by liming the sub- 
soil do not directly correlate with the subsoil pH or the presence 
of aluminum or manganese in the subsoil. 

(3) The root yields in the 12-25 cm depths on the lime/nil treatments as 
contrasted to the lime/lime treatments show a Significant relation- 
ship with aluminum levels of the subsoil and some relationship to 
pH of the subsoil. This means the response of alfalfa to subsoil 
liming as measured by increased subsoil root yield is significantly 
correlated with subsoil aluminum levels. 

(4) No relationship of any of the growth ratios was found with the man- 
ganese level in the subsoil. 

(5) Soluble and exchangeable aluminum values are more sensitive than pH 
values as an indicator of alfalfa top growth response to liming and 


as an indicator of alfalfa root growth in an unlimed soil. 


Growth Cabinet Experiment with Phosphorus 
Results of the growth cabinet experiment with phosphorus (Table 


11) show that a large application of phosphorus is more effective than 

lime in improving growth on an acid soil which is already fertilized with 
low levels of phosphorus. Rios and Pearson (1964) show that phosphorus 

is mobile within a plant and surface applications of phosphorus supply phos- 
phorus needs for root penetration into the subsoil. Results (Table 11) 
indicate that some increase in root penetration occurred in the subsoil of 


the P/nil (phosphorus in topsoil and untreated subsoil) treatment as com- 
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Table 11. Top and Root Yields of Barley Grown on an Acid Soil from 
Growth Cabinet Experiment with Phosphorus. 


Top yields Topsoil root Subsoil root 
Treatment g/pot yields g/pot yields g/pot 
nil/nil 4.57c® 1.66b 0.360c 
lime/lime 5 .52be 1.50b 0.393be 
phosphorus/nil 6.65ab 2.228 0.435b 
phosphorus/phosphorus  7.10a 2212a 0.665a 
F 6.1% 13.6%* 9 06** 
LSD Veo 0.29 0.074 


@ In each column those values which are not followed by the same letter 
are significantly different at an LSD value at a 100:1 error serious- 
ness ratio according to the method of Waller and Duncan (1969). 

*- °F’ value is significant at the 5% level’ of probability. 


** F value is significant at the 1% level of probability. 


Table 12. Chemical Analyses of Soils Used in the Growth Cabinet Exper= 
iment with Phosphorus. 


Treatment Depth pH Al_ (ppm) 
nil topsoil 54 Ser 
nil subsoil ore) 4.1 
lime topsoil 6.8 0.2 
lime subsoil 6.5 0.2 
phosphorus topsoil Del 58 
nil subsoil es 6.8 
phos phorus topsoil 58 Den 
phos phorus subsoil D2 6.2 
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pared to the root penetration into the subsoil on the nil/nil treatment. 
The application of phosphorus (at 150 ppm as KHpPO,) to the subsoil great- 
ly increased root growth in the subsoil. These results indicate that the 
mobility of phosphorus within a plant means that surface applications of 
phosphorus serve as a partial means of overcoming subsoil acidity. Fur- 
ther experiments with more acid soils and different levels of phosphorus 
would be needed to establish how complete this is. 

Soil aluminum levels were increased in the soils treated with 
high levels of phosphorus, yet pH values were also increased (Table 12). 
It appears that this increase in aluminum is due to the salt effect of 
the KH5PO4 which was used to supply phosphorus. This increase in pH and 
increase in aluminum is referred to by Coleman and Thomas (1967). They 
state that salts can exchange aluminum, hydrogen, and hydroxyl ions. Or- 
dinarily the amount of aluminum ions exchanged exceeds the amount of hy- 
droxyl ions exchanged and the pH falls, but if the reverse is true, the 
pH rises. In this experiment the effect of the added KHoPO4 was to in- 
crease concentration of both hydroxyl and aluminum ions. The formation 
of insoluble aluminum phosphates did not occur to sufficient extent to 
lower the soluble aluminum levels in the soil in this experiment. In- 
creased plant growth under increased levels of aluminum indicates that 
the effect of the phosphorus was to alleviate the aluminum toxicity at 
the root surface or within the plant. 

The results of this experiment indicate that phosphorus fertilizer 
applications to acid soils at rates slightly heavier than normal should be 
considered as part of a liming and fertilization program. The high cost 
of phosphorus fertilizers makes the cost of large applications of phos- 


phorus prohibitive. Soils with acid subsoils should respond well to rates 
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of phosphorus several times larger than would normally be applied. Field 
tests should be carried out to establish what are suitable rates of phos- 


phorus and lime to use on acid soils. 


Greenhouse Experiment with Temperature and Acidity of Subsoils 


An experiment was set up to determine if any interaction existed 
between the temperature of the subsoil and aluminum toxicity as expressed 
by penetration of roots into the subsoil or by top growth. Ladak alfalfa 
was grown on three soils. Each soil was limed to obtain three levels of 
aluminum in the subsoil. Three subsoil temperatures were used with two 
replicates of each treatment. 

The results (Table 13) indicate that there were not any measur-~ 
able interactions of temperature and soil aluminum level with top growth. 
Top growth was significantly improved by liming the subsoil. The differ- 
ences in top growth at different temperature levels (Tables 13 and 14) are 
significant at the 5 per cent level with analysis of variance but do not 
give a statistically significant LSD value at the 100:1 error seriousness 
ratio (Waller and Duncan, 1969). There does appear to be a real difference 
here, but it is hard to measure by conventional statistical tests because 
of the limited replication in this experiment. 

The yield of roots in the topsoil was significantly reduced by 
increasing temperatures in the subsoil (Table 15). This decrease of root 
yield with increasing temperature is caused by greater root penetration 
in the subsoil at higher temperatures and also it is caused by a lower 
root to top ratio which occurs with increasing temperatures. 

A highly significant increase of root yields in the subsoil oc- 


curred with increases of the level of lime in the subsoil (Tables 15, 16 
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Table 13. Yields of Top Growth of Alfalfa for Various Levels of Lime 
for Greenhouse Experiment with Temperature and Acidity of 


SUDSOL US. 
Yi eld=of to rowth ot 

Subsoil lime level 8°C j4°C ZIG Average 
Silver Valley 

no lime Die 20) 4.50 Dane Sis Ge 

some lime ee Dy eUO oO ee 

neutral Na 6.58 6.45 6.18 
Prespatou 

no lime 4.34 Aeon 4.30 4.39 

some lime 4.80 Nels Ee Lo 5.03 

neutral 3645 aren) 6.59 5.90 
Bessborough 

no lime 6.00 Sew 6.29 Dace 

some lime co Pan ed Osi? 6.86 6625 

neutral TPS 7286 TREES) ke OO 
Average 5 .43a° 5.79a 6.12a 


Table 14. Analysis of Variance for Yields of Alfalfa Top Growth for 
the Greenhouse Experiment with Temperature and Acidity of 


Subsoils. 
Analysis of Variance i= LSD 
lime levels 20.6** 1.21 
Soils 28. 1** 1.19 
temperatures ek je 
sOils x temperatures 0.37 
soils x lime 0.73 
temperatures x lime 0.99 
soils x temperatures x lime 0.82 


@ All those values which are not followed by the same letter are sig- 
nificantly different at an LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 

* F value is significant at the 5% level of probability. 


** F value is significant at the 1% level of probability. 
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Table 15. Root Yields of Alfalfa for Greenhouse Experiment with Temp- 
erature and Acidity of Subsoils. 


Root yields in topsoil Root yields in subsoil Total 

Subsoil (g/pot ) (g/pot ) ave. root 
lime level 8°C daec 21°C Ave. SC 14°C 2UO@Ave. yield 
Silver Valley 

no lime Selle let  2e09 0.15" 00.23 Os20 pO. ioc 3.08 

some lime PeOG I oOeLo “210. 3e24 0.42 0.49 0.52 0.47bce 3.71 

neutral Se59 ViZ59M 12.361 285 O99 «3.9 TO. Sel Hilal: * 3 «96 
Prespatou 

no lime Seovi 2 .o2 1,99 2.61 0343, 0.04 (OS0G)VOseuDc S.12 

some lime ely eed | sO 6 tG 0.43 0.07 (0,00) Osoobc 2.99 

neutral Pee se Soe en BeOS O.70 1.22 1.26 1.06a 3.64 
Bessborough 

no lime Seek, 2078) ASOT | 2.66 OF4% 0.56 0.60) O.54bc 3.20 

some lime Qe VOL I2cAANe 2 SOLS 66 OJAS ©10NG4 D0 265° 0 V59be? 3625 

neutral 3603 Poel 0 f2e20) S202 0.54 0.89 0.79 0.74ab 3.77 
Average 3.3la 2.78ab 2.18b 0.5la 0.74a 0.68a% 


Table 16. Analysis of Variance for Root Yields of Alfalfa for the Green- 
house Experiment with Temperature and Acidity of Subsoils. 


Topsoil root yields subsoils root yields 


Analysis of variance Bi LSD ip LSD 
lime levels 0.20 3963s 0.35 
soils 7.65%* 0.69 1.64 
temperatures 50.3** 0.64 6 o29%* 0.39 
soils x temperatures 0.09 0.61 

soils x lime 1.47 5 e40%** 0.41 
lime x temperatures Pel Taig 

soils x lime x temperatures 0.61 0.46 

o 


All those values which are not followed by the same letter are sig- 
nificantly different atvan LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 


** F value is significant at the 1% level of probability. 
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Table 17. Subsoil Lime Level, Alfalfa Top Growth and Subsoil Root Yield. 


Yield ot 
No lime Some lime Neutral 
Top growth ba 22b® 5.59ab 6.63a 
Subsoil root yield 0.4l1b 0.54b 0.97a 


* In each row those values which are not followed by the same letter are 
Significantly different at an LSD value at a 100:1 error seriousness 
ratio according to the method of Waller and Duncan (1969). 


and 17). The interaction of lime levels and soils with root yields in 
the subsoil was significant. This interaction could be expected to be 
significant because the different soils contained various levels of alu- 
minum in the subsoil and should show different degrees of response to 
lime. The largest root yields in the subsoil occurred in the pots grown 
at 14°C. The subsoil root yields did not interact with temperature and 
lime Pr enpeia cee and soils or with temperatures, lime and soils. 
This is in contrast with the findings of Cheng, Bourget and Ouellette who 
suggest (1971) that aluminum toxicity is more important at low tempera- 
tures than ss high temperatures. The limited Pe lnc ion in the present 
experiment reduced the sensitivity of the measurement of this interaction. 
Nevertheless, any increase in aluminum toxicity at lower temperatures 
appears not to be a major factor controlling plant growth or plant root 
deve lopment. 

Different levels of soluble aluminum in the subsoil could not be 
detected in the pots kept at different temperatures (Table 18). It was 


not possible to analyze the fresh soil samples for aluminum immediately. 
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Table 18. Soil pH and 0.02M CaClo-Soluble Aluminum Levels in the Sub- 
sOils After Harvest from the Greenhouse Experiment with 
Temperature and Acidity of Subsoils. 


Temperature 


Subsoil 8°C Lac AG 
lime level pH Al ) pH Al ) pH Al (ppm) 
Silver Valley 
no lime 4.07 84.0 4.07 78.0 4.02 83.0 
some lime 4.44 49.3 4.34 47.9 4.28 48.8 
neutral 5 60 0.5 995 0.8 5.60 0.0 
Prespatou 
no lime 4.60 21.9 4.58 24.7 4.48 2D oO 
some lime 4.77 Hakan 4.83 toes 4.68 HS. l 
neutral 5.78 0.0 5279 Owl Dyed O 0.0 
Bessborough 
no lime 4.90 14:.5 4.80 16.0 4.70 7.3 
some lime 4.91 Hk 4.81 12.8 4.76 EZ ek 
neutral Geli Oat 6.22 0.2 6.03 0.9 


The soil samples were air dried and stored for about three months and 
then analyzed for aluminum. The numerous aluminum analyses done on 
fresh and dried samples in the greenhouse experiment on subsoil acidity, 
indicated, however, that there were not any major differences in ae 
between fresh and dry samples. The subsoils showed a very slight decline 
in pH with increasing temperatures. 

Psychrometers provided a useful means of monitoring water levels 
in the subsoil. It was found)jwith large, rapidly growing plants it was 
necessary to keep the pots above field capacity for about two days to 
get water down into the subsoils. This at times meant some reduction 
in water use rates because of waterlogged conditions existing around the 
rootse Water use measurements were made by weighing the pots and water 


use is given in Table 19. Significant F values were obtained (Table 20) 
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Plate 7. Wet style soft drink coolers were used as temperature reg- 
ulating baths for the greenhouse experiment with temperature 
and acidity of subsoils. 


’ Plate 8. 


Cans used as soil con- 
tainers for the green- 
house experiment with 
temperature and acidity 
of subsoils. “Loep" 
soil is referred to in 
the text as "Prespatou". 
The cylinder on the 
left is equipped with 
psychrometers and 
thermocouples. 
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Table 20. Analysis of Variance for Water Use of Alfalfa for Greenhouse 
Experiment on Temperature and Acidity of Subsoils. 


Analysis of variance is LSD 
lime levels 12.6%** 45 
soils 150 9% 41 
temperatures 6.4%** as) 
dates of watering 15 .4** 44 
sOils x temperatures 1.3 
soils x dates 1.46 
soils x temperatures x lime 

levels 0.25 


Teore 2l. Water Wse of Alialfa Plants as Related to’ Subsoil Lime Level. 


Average Water Consumption (ml /pot ) 


No lime Lime added Neutral 


423b® 437b 494a 


Table 22. Water Use of Alfalfa as Related to Subsoil Temperature. 


Average Water Consumption (ml/pot 
Sse L4ac 2126 


420a® 464a 469a 


** F value is significant at the 1% level of probability. 

® In each table those values which are not followed by the same letter 
are significantly different at an LSD value at a 100:1 error serious- 
ness ratio according to the method of Waller and Duncan (1969). 


on alfalfa water use for different soils, subsoil lime levels, subsoil 
temperatures, and dates of weighing. However, interactions of the first, 
second and third level in all cases were not significant. The increase 
in consumption of water recorded on the pots with limed subsoils (Table 


21) was significant. This indicates that after the subsoil is limed 
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the alfalfa roots are more effective in Ubseeeeng water from the subsoil. 
One of the effects of toxic levels of aluminum on plant roots is the re- 
duction of water uptake (Lance and Pearson, 1969). Water consumption 
for three temperatures is shown in Table 22. In this experiment water 
consumption did not show any measurably significant interaction between 
soils, eonpsnce nee and lime levels. This means that plants grown under 
greenhouse temperatures should provide fairly accurate predictions of 

the toxic level of aluminum under field conditions at lower temperatures. 
This also is in agreement with the findings that neither top growth nor 
root yields in the subsoil showed any interactions with soils and temp- 
eratures or with lime levels and temperatures. The results here indi- 
cate that the use of water is a sensitive means of measuring root function 
and penetration in an acid soil. 

A chart (Figure 2) was prepared to show the relationship between 
increased alfalfa root growth obtained by liming the subsoil and the 
level of soluble aluminum present in the subsoil. Data from the green- 
house experiment on subsoil acidity and the greenhouse experiment with 
temperature and acidity of subsoils were used. The increased root yields 
in the subsoil in response to liming were evident at very low levels of 
aluminum (3 ppm or less) in the subsoil. At levels of aluminum of 20 
ppm or more most of the roots occurred in the first few cm of the unlimed 
subsoil and the root yield in the unlimed soil was approximately half of 
the root yield in the limed subsoil. The response to liming is in direct 
proportion to the aluminum level in the subsoil. This is in agreement 
with Rios and Pearson (1964) who report that lower root yields of cotton 


and sudangrass were found in acid subsoils than were found in limed sub- 
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Nutrient Culture Experiment 


A number of barley varieties were screened for aluminum toler- 
ance by a method developed by Foy and Brown (1964). Two preliminary 
trials were made, the first of these had to be cut short due to a serious 
infection by water molds in the nutrient culture solution. Later an- 
other trial had to be abandoned because of an invasion by mice which con 
sumed many of the barley seeds. The first trial indicated that with 
high levels of aluminum O11i and Volla barley showed better growth than 
did Galt and Husky barley. The second trial included Pendek oats as 
well as a number of barley varieties. Pendek oats showed a much greater 
tolerance to toxic levels of aluminum than any of the barley varieties. 
The third trial indicated the varieties Betzes and Olli were the most 
tolerant to toxic levels of aluminum (Table 23). Root growth and top 
growth of Betzes and Olli barley were significantly longer than the other 
varieties at 12 ppm aluminum (Plate 9), and at 4 ppm aluminum top growth 
of Betzes and Olli barley were significantly longer than top growth of 
the other gaviniae The varieties Conquest and Galt showed the least 
resistance to toxic levels of aluminum. The retardation of root growth 
by aluminum was large even in the case of the varieties most tolerant to 
aluminum, such as Olli (Plate 10). Penney (1973) found that Betzes bar- 
ley was significantly better than Husky, Olli, Galt, and Bonanza when 
grown in the greenhouse on a soil with 8.5 ppm 0.02M CaClo-soluble alu- 
minum. In field trials on acid soils using Olli and Galt barley, Penney 
(1973) obtained significantly larger yield increases on liming from Galt 
than from Olli. Olli is an early maturing variety which might have use 


on acid soils high in soluble aluminum for late seeding. Betzes has a 
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Table 23. 


Varieties 
Conquest 
Bonanza 
Olli 
Centennial 
Betzes 
Volla 

Galt 


Jubilee 


Mean 


LSD 


WY 


Top and Root Lengths of Barley Varieties Grown in Nutrient 


Solution with Various Levels of Aluminum. 


Lengths of tops and roots (in cm) 


O ppm aluminum 


top 
21.4d® 
23 4abcd 
26.3a 
22.8bcd 
25 elabe 
25 e3ab 
22.3bcd 


PURSE of | 


236 


Sele 


3.33 


root 
23 ..4ab 
23 .8a 
20.8abe 
22 .e0ab 
21.4abe 
21.9abe 
19.6bc 


19.4¢ 


21.6 


204 


3.91 


4 ppm aluminum 


top 
18.3cd 
19.6bc 
24.0a 
20.8b 
23 .6a 
20.1b 
17.6d 


20. 7b 


20.6 


13..7** 


1.69 


root 
3.1cd 
3.4bcd 
De2a 
3.6bcd 
4.5abe 
4.4abc 
24d 


4.8ab 
369 


4.33%* 


1.40 


12 ppm aluminum 


top 
¥3.9e 


16.3b 
20.5a 
16.8b 
20.6a 
16.1b 
UISIG Le 


16.3b 


LGa? 


16.4** 


1.76 


root 
2e4c 
2-9b 
3.6ab 
eC 
4.3a 
SaZbc 


250G 


De (O** 


0.81 


In each column those values which are not followed by the same letter 
are significantly different at an LSD value at a 100:1 error serious- 
ness ratio according to the method of Waller and Duncan (1969). 


* F value is significant at the 5% level of probability. 


** F value is significant at the 1% level of probability. 


high yield potential and seems to offer the most promise for use on acid 


sOils high in aluminum. 


Good seed quality must be maintained as the short growth time of 


14 days means the plant is greatly influenced by seedling vigor. 
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Plate 9. Four barley varieties grown in nutrient solutions contain- 
ing 12 ppm aluminum. All show severe stunting of roots 
due to aluminum toxicity. 


Plate 10. Three barley varieties are shown with a plant grown at 0 
ppm aluminum at the left and a plant grown at 12 ppm alum- 
inum at the right. 
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barley did well in an early trial and not so well in the third trial. 
This difference may be due to the seed having been stored in a warm 
dry lab resulting in a decline in vigor. 

The nutrient culture method seems to offer good BME eee 
for testing crop variety reaction to chemical factors in the soil envir- 
Onment. The results of this experiment are in general in agreement with 
Penney's reports (1973) of aluminum tolerance of barley varieties grown 
in acid soils. A test for aluminum tolerance does not imply manganese 
tolerance. Other tests would need to be done to determine manganese tol- 
erance of barley varieties. The varieties tested in this experiment did 
not show the range in tolerances to aluminum that Reid, Fleming and Foy 
(1971) found in barley. This may be due to differences in method. Reid, 
et al grew their varieties in separate containers of nutrient solution 
‘and did not make adjustments of solution pH valuese Some varieties in- 
creased the pH to their benefit, others lowered the pH to their detriment. 
Further screening of varieties of barley and perhaps further breeding of 
new varieties is necessary to find a variety which is tolerant to high 


levels of aluminum and suited to northern Alberta conditions. 


Field Survey on Subsoil Acidity 


A reconnaissance type of field survey was conducted to determine 
the agricultural areas in Alberta and northeastern British Columbia 
where subsoil acidity exists at levels sufficient to cause impairment 
of crop growth. Most of the sites sampled were cultivated fields or vir- 
gin land adjacent to cultivated fields. It was found that a number of 
areas contain soils which have quite low soil pH's amd toxic levels of 
aluminum in surface and subsurface horizons. Several profiles showed high 


levels of soluble manganese, but this was highest in surface horizons. 
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Soil pH, soluble aluminum, and soluble manganese values for pro- 
files from the field survey and type profiles for soil series are shown in 
Appendix III. The lowest pH values and highest levels of soluble aluminum 
were usually found in the 15-30 cm layer which corresponds to the upper 
part of the Bt horizon. When 189 profiles from the field survey were com- 
pared, the O-15, 15-30, and 45-60 cm layers had, respectively, 48, 82, and 
29 profiles with a pH value from 5.0 to 5.7 and 14, 31, and’33 profiles 
with a pH value below 5.0. Levels of soluble manganese were highest in 
surface horizons and were seldom found at levels which might be toxic to 
plants in subsurface horizons. A correlation of soil pH to levels of sol- 
uble aluminum was made. The slope of the regression equation and correla- 
tion coefficient (r) values are shown in Figure 3. When pH was correlated 
with soluble aluminum, the r values for the various depths range from 0.68 
to 0.78. These values are significant, but only about 50 or 60 per cent of 
the variability in aluminum content can be predicted from pH values. 

Maps were prepared to show the areas which have high levels of 
soluble aluminum in the 0-15, 15-30, and 45-60 cm depths (Figures 4-8). 
The largest area which had soils with severely acid subsoils was in north- 
eastern British Columbia extending from Charlie Lake, Murdale, and Cecil 
Lake, north to the Blueberry River, Prespatou, Nig Creek, and the Beaton 
River. The Federal Soil Survey at Vancouver provided typical soil pro- 
files from this area and further west and north, near the Alaska highway. 
The typical profiles from the Alcan, Milligan, Osborn, Boundary, Buick 
and Jedney series had low soil pH and toxic levels of aluminum in surface 
and subsurface horizons. Very high levels of aluminum in the subsoils 
were also found in the Bessborough, B.C. area and in Alberta in the 


Silver Valley area, Savage Prairie area, and in the Plamondon to Lac La 
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Figure 4. 
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field surveys were taken. 


0.02M CaC15-soluble 
aluminum in ppm at the: 
0-15 cm depth, 

15-30 cm depth, 

45-60 cm depth. 
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field surveys were taken 
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aluminum in ppm at the: 
0-15 cm depth, 

15-30 cm depth, 
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areas of farm land where some of the 
subsoils have 3 ppm or more of 0.02M 
CaCl5 soluble aluminum 
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Figure 8. AREAS WHICH CONTAIN SOILS WITH TOXIC 
LEVELS OF ALUMINUM IN THE SUBSOIL 
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Biche areae The Valleyview, Evansburg, Whitecourt and Bingley to Alder 
Flats areas in Alberta had some acid soils with levels of soluble alu- 
minum which were sufficiently high to reduce root penetration and top 
growth of aluminum-sensitive crops. 

At one site (Silver Valley, NE 10-82-10-6) on a Humic Eluviated 
Gleysol of the Josephine series, a deep hole was dug to determine the 
nature of the underlying parent material and establish if a lime layer 
was present. The profile examined showed no lime layer and was extremely 


acid to a depth of 2.7 meters (Table 24). The, Ap horizon was analyzed 


Table 24. Analytical Data on Cores from a Deep Hole on a Soil from the 
Josephine Soil Series. 


ppm 0.02M 

Depth CaCl5 soluble ppm 1M KCl exchangeable (ppm) 
in cm Horizon pH Al Al Ca 4 Na 
0-23. Ap a5 54 700 825 125 
23-43 Btg 4.2 87 ~ ni, = 
43-60 Cais 3.9 72 925 1050 150 
60-90 Cg Sef 66 = - ~ 
90-120 Cg 3.6 62 - - ie 
120-150 Cg 3.6 64 605 = - 
150-180 Cg 3.6 62 545 = ~ 
180-210 Cg 3.7 52 465 - - 
210-240 Cg* 3.9 oon 770 - - 
240-270 Cg* 3.6 306 - e 2 


* Large selenite (CaSO, ) crystals were present. 
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for sulphur. Soluble and HI extractable sulphur values were 2400 ppm 
and 3900 ppm, respectively, according to the method of Johnson and 
Nishita (1952). This soil was formed on acid till, high in sulphur 
content, derived from marine shale (Clark and Green, 1964). Tills con- 
taining some material similar to this seem to be associated with the 
more acid soils in the Peace River area in Alberta and British Columbia 
and in the Lac La Biche-Plamondon area in Alberta. 

The areas in Alberta and the Peace River area in British Colum- 
bia where acid soils are a problem should be thoroughly examined to de- 
termine the pH and soluble aluminum levels in topsoils and subsoils and 
otherwise rate the soil for agricultural productivity. Current soil 
surveys have separated groups of soils on the basis of soil series and 
topography. However, the older surveys did not give much consideration 
to the chemical nature of the tills as a basis for forming soil series. 
As a result the acid, sulphur-containing tills, referred to by Clark 
and Green (1964), are not clearly mapped out. These high sulphur, marine- 
deposited neeariate are present in the areas where high levels of alumi- 
num are found. Even in the more recent surveys soil pH is highly vari- 
able within series and soluble aluminum is not considered as a basis 
for soil classification. The "Grandin" series in the Lac La Biche area 
is easily identifiable and uniformly quite acid. Other soil series which 
contain acid soils appear to be quite variable. 

Any improvement in crop productivity and in land use involving 
liming, crop variety selection, and removal of lands from cultivation 
would require individual consideration of fields. The soils with only 


acid surface horizons and little or no amounts of soluble aluminum in 
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the subsoils could be limed in the plow layer. Those soils with quite 
acid subsoils would be best suited to growth of aluminum-tolerant crops 
such as oats or timothy or varieties of other crops which have been 
selected for aluminum tolerance. Liming of the plow layer would also 
benefit soil with quite acid subsurface horizons if they were in areas 
where rainfall was sufficient in the growing season to maintain a crop 
which obtained its moisture requirements primarily from the surface 
horizons. The most severely acid soils should probably be removed from 
cultivation because very large amounts of lime are needed for surface 
horizons alone and the problem of subsoil acidity would still remain. 
Lands opened up for agricultural development in Alberta were 
chosen on the basis of soil criteria other than soil pH at least until 
the latter half of the 1960s. In Alberta little crown land with acidity 
problems has been released for agriculture recently simply because 
mineet government policy since 1960 has been to release very little 
crown land. However, in the Peace River block in British Columbia large 
areas Of land have been cleared for agricultural use and this only 
ceased in 1972 and 1973. Chemical factors of soils were not given much 
consideration in this land development program. Many areas were Opened 
by large developers because they could show profit on a tax loss, cap- 
ital gain basis. This has no longer been feasible since the change in 
tax laws in 1972 resulting in the restriction of tax write-off of losses 
of business enterprises against profits from another business enterprise 
and the imposition of a capital gains tax. Because of Canadian Wheat 
Board regulations restricting sale of feed grains across provincial 


borders, British Columbia was a deficit area for feed grains. Oats 
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could be grown on more acid soils and easily sold at a good price in 
the lower Fraser Valley areae Now with the Canadian Wheat Board in 
1973 allowing competitive marketing of feed grains across provincial 
borders the economic viability of the less productive soils is in doubt 


if the current high prices of feed grains should decline. 
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CONCLUSIONS 

A number of conclusions were formed regarding the characteris- 
tics and management of acid soils from the Boreal Forest regions of 
Alberta and northeastern British Columbia. 

1. Root penetration of alfalfa and barley is restricted by 
subsoil acidity. This reduction of root development causes a reduction 
in top growth. The restricted root penetration which occurs in an un- 
limed subsoil and the aluminum toxicity which interferes with root met- 
abolism results in reduced uptake of water from the subsoil. Water 
use is a sensitive indicator of amount of root development and of the 
impairment of root function which may occur in an acid subsoil. This 
reduction in yield of crops by the presence of an acid subsoil is in con- 
tradiction to evidence in the literature which suggests subsoil acidity 
restricts root penetration but does not reduce crop yield. 

2. Subsoil acidity can be overcome by lime applications to the 
subsoil or its effects can be overcome by very large applications of 
phosphorus to the subsoil. Neither of these methods is economically 
feasible. Phosphorus fertilization rates should be tested specifically 
on acid soils along with surface applications of lime in order to deter- 
mine the most economical optimum level of both phosphorus and lime to 
improve crop growth on acid soils. 

3. A preliminary soil survey indicated that there are major 
areas in Alberta and northeastern British Columbia where soil acidity 
and subsoil acidity exist at levels sufficient to cause major impairment 
of growth of crop varieties which are sensitive to aluminum toxicity. 


Soil pH amd soluble aluminum values from the field survey indicate the 
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15-30 cm layer often has the lowest pH and the highest levels of sol- 
uble aluminum. A number of the profiles examined show that quite low 
pH values and toxic levels of aluminum occur at depths up to one meter 
or more. Soil acidity was found to be quite variable within soil series 
and in many areas currently defined soil series do not give an indica- 
tion of problem acid areas. Further work is needed to determine the 
areas in Alberta and British Columbia where acid surface soils and sub- 
SOils exist and have toxic levels of aluminum and perhaps manganese. 
Further lands being considered for clearing for agricultural use in 
Alberta and northeastern British Columbia should be examined for acidity 
and toxic levels of aluminum and manganese in surface soils and aluminum 
in subsoilse 

4. Soil pH, levels of aluminum soluble in 0.02M CaClo, and 
levels of aluminum exchangeable in 1M KCl in the subsoil were found to 
give good correlations with the impairment of root penetration of alfal- 
fa and barley in acid soils. Soluble aluminum was the best indicator of 
impairment of root deve lopment on acid soils. Some restriction in root 
development was evident when soluble aluminum levels were less than 3 
ppm and the subsoil root yield of alfalfa was reduced by about 50 per 
cent when aluminum levels in the subsoil were at 20 ppm. Soil manganese 
did not show any relationship to root development of alfalfa in the 
subsoils. Soil manganese levels in the subsoils were much lower than 
in the topsoils. 

5. Crop damage by soil acidity was not greatly intensified by 
low temperatures. Therefore crops grown on acid soils in the greenhouse 
at normal greenhouse temperatures should give results which are applica- 


ble to field conditions where soil temperatures are normally much lower. 
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6. Growth of crops tolerant to the toxic factors of subsoil 
acidity is the best means of managing soils with acid subsoils. In 
most cases this toxic factor is soluble aluminum. Some work was done 
to screen barley varieties for differences in aluminum tolerance and it 
was found that differences do exist among barley varieties grown in 
Alberta. These differences are not as large as differences in aluminum 
tolerances of barley varieties reported in the literature in USA with 
other barley varieties. This suggests a need for plant breeding work 
to incorporate genes for aluminum tolerance into the barley varieties 
which are adapted to conditions in Alberta and northeastern British 
Columbia. Further work is needed on screening presently used varieties 


of barley and other crops for aluminum tolerance. 
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